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ABSTRACT
This research focuses on the injury potential o f children seated in forward facing 
CRS during frontal and side impact crashes.
Three testing configurations were considered in this research to quantify the injury 
potential in standardized testing procedures and to predict observations for validation o f a 
numerical model. These three testing were: (i) Frontal dynamic sled tests were completed 
in accordance with the FMVSS 213 using a Hybrid III 3-year-old dummy in a five point 
CRS. (ii) A frontal full vehicle crash test was completed in accordance with the 
CMVSS 208 with the addition of a Hybrid III 3-year-old child dummy, seated behind the 
passenger seat, restrained in the identical five-point CRS. (iii) Side dynamic sled tests 
were conducted by NHTSA using the existing FMVSS 213 seat fixture oriented at both 
90° and 45° relative to the motion of the sled buck. A half sine pulse and a scaled 
FMVSS 213 pulse were used in the tests. All the side impact tests were conducted at a 
test velocity o f 32 km/h (20 mph) and a peak acceleration o f 17 G ’s. A forward-facing 
Hybrid III 3-year-old child dummy positioned in a CRS with LATCH and the top tether 
in far side configurations was used in the side impact tests.
A finite element model o f the child restraint seat was developed using FEMB for 
simulation in LS-DYNA. The child seat model was fully deformable and included all 
CAD surfaces provided by Century/Graco Corporation. Material tests were conducted to 
obtain the nonlinear material properties of the CRS polypropylene, child seatbelt webbing, 
and polymeric foams. The simulation results o f the frontal and side impact tests were 
generally in good agreement to the experimental observations. An average percentage 
error of approximately 20  percent was observed between the numerical and experimental 
data. Further studies were conducted to confine lateral movement o f the dummy’s head 
by adding energy absorbing foam blocks in the head region o f the CRS. It was observed 
from the simulation results that foam padding reduced the head and chest injury potential 
of the child dummy in side crashes by approximately 40 and 20 percent respectively.
iii
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1. INTRODUCTION
Traveling in vehicles is a part of everyday life that starts in early infancy. Hence, 
children are exposed to the inherent risks associated with the motor vehicle transportation. 
The identification o f the injury mechanisms of child occupants in motor vehicle crashes is 
thus beneficial to child restraint designs, which ultimately help reduce the risk of death 
and serious injuries.
In 2004, there were a total o f 2,730 traffic fatalities in Canada [1]. The children 
under 14 years old accounted for 4 percent (92) o f those traffic fatalities. In addition, the 
0-14 age group accounted for 7 percent (14,446) o f all the people injured in motor vehicle 
crashes. In 2004, there were more than 61 million children under 14 years old in the 
United States. This age group (0-14 years) made up 21 percent o f the total U.S. resident 
population in 2004. According to The National Highway Traffic Safety Administration 
(NHTSA) [2], motor vehicle crashes are the leading cause o f death for children o f every 
age from 3 to 14 years old (based on 2002 statistics, which are the latest mortality data 
currently available from the National Center for Health Statistics). In 2004, there were a 
total o f 42,636 traffic fatalities in the United States. The 0-14 age group accounted for 5 
percent (2,157) o f those traffic fatalities. In addition, children under 14 years old 
accounted for 4 percent (1,543) o f all vehicle occupant fatalities, 9 percent (246,000) of 
all the people injured in motor vehicle crashes, and 8 percent (214,000) o f all the vehicle 
occupants injured in crashes. In the United States, an average o f 6 children 0-14 years old 
were killed and 673 were injured every day in motor vehicle crashes during 2004.
Child restraint systems provide specialized protection for small occupants whose 
body structures are still immature and growing, and they are the most effective way to 
protect young children involved in motor vehicle crashes. When child restraint system 
has been properly used and secured, child restraints have been estimated to reduce the 
risk of death and serious injury by approximately 70 percent [3]. During 2004, 7,810 
passenger vehicle occupants under 14 years old were involved in fatal crashes. For those 
children, where restraint use was known, 29 percent were unrestrained; among those who 
were fatally injured, 50 percent were unrestrained. Research on the effectiveness of child 
safety seats has found them to reduce fatal injury by 71 percent for infants (less than 1
1
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year old) and by 54 percent for toddlers (1-4 years old) in passenger cars. For infants and 
toddlers in light trucks, the corresponding reductions are 58 percent and 59 percent, 
respectively. In 2004, there were 495 passenger vehicle occupant fatalities among 
children under 5 years o f age. O f those 459 fatalities, an estimated 173 (35 percent) were 
totally unrestrained.
Studies have shown that approximately twice as many crashes with a child fatality 
are frontal compared to lateral, but side impacts are nearly twice as likely to result in a 
child fatality as frontal impacts, regardless o f restraint status or seating position [4], The 
net result is that the number o f children killed in each type o f crash is about the same. 
There are also indications that the relative risk in side impacts may be even greater for 
children in forward facing child restraint system, largely because these restraints are so 
effective in frontal crashes and most o f the restraints are not designed for side impact 
protections.
To shed light on these issues, a more thorough understanding is needed about how 
children in restraints are injured in serious crashes. The current research attempts a more 
in-depth analysis o f the kinematics and kinetics which child are exposed to during vehicle 
crashes than can be undertaken using Fatality Analysis Reporting System (FARS) data.
2
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2. LITERATURE REVIEW
2.1 Traffic safety facts for children
Based on 2004 statistics from the NHTSA [2], 33,134 passenger vehicle 
occupants were killed in 2004. O f these occupants 1,003 were children aged 0 through 14 
years old, and 495 of these were less than 5 years old. The failure to use occupant 
restraints is a significant factor in most fatalities resulting from motor vehicle crashes for 
both adults and children. For child occupants less than 5 years old, 35 percent o f the 497 
fatalities were unrestrained. O f the 59,000 child occupants less than 5 years of age who 
were injured, 11 percent (6 ,000) were unrestrained.
2.1.1 Fatalities and injuries in frontal and side impact crashes
The number o f fatalities and injuries which child occupants are exposed to had 
shown a decline from 1991 to 2004, while some differences were observed in the changes 
of front versus rear seat fatalities and injuries.
2.1.1.1 Fatality data
Fatalities involving children in the age range 0 to 8 years old, as reported in the 
Fatality Analysis Reporting System (FARS), decreased slightly (3 percent), from 923 in 
1991 to 895 in 2000 [6]. Child occupant fatalities, 0 to 8 years old, accounted for 
approximately 3 percent o f all passenger vehicle occupant fatalities in each o f those 
years.
The use o f child restraints had increased over these years. National Occupant 
Protection Use Survey (NOPUS) showed the percentage of children under the age o f 5 
being restrained increased from 66 percent in 1994 to 92 percent in 2000 [6]. This 
increase was reflected in FARS data. The percentage o f fatally injured children, 0 to 8 
years old, who were unrestrained, decreased from 61 percent in 1991 to 41 percent in 
2000. Unrestrained child occupants are no longer the majority o f child occupants killed in 
motor vehicle crashes, but still constitute a large percentage o f the overall total.
3
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The media safety campaign that began in 1996 prompted to move children to the 
rear seat, and the rear seat has replaced the front seat as the most frequently chosen 
seating position for children in passenger vehicles. This change in front versus rear seat 
exposure has contributed to a significant change in the distribution o f child occupant 
fatalities within vehicles. Between 1995 and 2000, front seat fatalities decreased by 172 
and rear seat fatalities increased by 98, resulting in an overall decrease o f 74 fatalities [5]. 
The reduction in overall fatalities is the result o f the rear seat being a safer environment 
and an increase in restraint use over those years.
For passenger vehicle child occupants, ages 0 to 8 years old, data from FARS for 
1991-2000 showed that [5], regardless o f whether the child was seated in the front seat or 
rear seat, frontal and side crashes accounted for most child occupant fatalities. Fifty-one 
percent o f front seat child occupant fatalities were in frontal crashes, and 31 percent were 
in side impact crashes. Rear impact crashes accounted for 4 percent o f front seat child 
fatalities. For rear seat child occupants, frontal impacts and side impact crashes accounted 
for 44 percent and 42 percent o f the fatalities, respectively, while rear impact crashes 
accounted for 14 percent o f the fatalities.
2.1.1.2 Injury data
The number o f injury sustained by child occupants 0 to 8 years old decreased by 7 
percent, from 141,000 in 1991 to 132,000 in 2000 [5]. The number o f child occupants, 0 
to 8 years old, injured in motor vehicle crashes accounted for approximately 5 percent of 
all passenger vehicle occupant injuries in each year.
The number o f child occupants, 0 to 8 years old, who were injured and 
unrestrained decreased from 40,800 (31 percent o f all injured child occupants) in 1991 to 
14,000 (12 percent o f all injured) in 2000 [5]. This is a decrease o f 61 percent. 
Correspondingly, the number o f child occupants in this age group who were injured while 
restrained in a child restraint system or in a lap and/or shoulder belt increased 
significantly during this time period. The number o f child occupants injured while 
restrained by a child restraint rose from 20,000 in 1991 to 37,000 in 2000, an increase of 
84 percent. The number o f child occupants inj ured while restrained in a lap and/or 
shoulder belt rose from 48,200 in 1991 to 66,300 in 2000, an increase o f 38 percent.
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2.1.2 Sitting positions and injury data in side impact crashes
Seating position relative to the point o f impact is also a factor in side impact crash 
fatalities. Data from NHTSA demonstrated that 22 percent o f the 3,018 front seat child 
fatalities were killed in near side impacts, (i.e., they were in the outboard seating position 
on the impacted side o f the vehicle) [7]. O f the 3,826 rear seat fatalities, 25 percent 
involved near side impacts. O f the 682 children ages 0 to 8 years old who were killed in 
side impacts and were secured in child restraints, 64 percent (434) were seated in the near 
side position. The remaining 36 percent of the fatalities (248) for children in child 
restraints were seated either in the middle seating position or in the far side position, (i.e., 
the outboard seating position on the opposite side from the point o f impact).
2.2 Injury mechanisms for child occupants in motor vehicle accidents
An examination o f National Accident Sampling System (NASS) Crashworthiness 
Data System (CDS) data over the years o f 1991-2000 yielded important results regarding 
the type and severity o f injuries to children in motor vehicles crashes [6]. Firstly, children 
0 to 8 years old were found to be most susceptible to head injuries. Secondly, the majority 
of injuries to child occupants, even to the head, were of very low severity. Thirdly, 
approximately 16 percent o f the injuries to children were sustained from side impact 
crashes. Although detailed information of specific injury mechanisms sustained by 
children in side collisions is somewhat lacking, children remain to be susceptible to head 
injury in side impacts.
2.2.1 Child anatomy and related injury patterns
Child anatomy is one of the factors that lead children to increased risk o f fatalities 
and severe injuries in today’s traffic system [4]. As a child grows, the body not only 
changes in size but also in segment proportions and anatomy (Figure 1 and Figure 2 
illustrate the variations in child and adult anatomy), which is reflected by the fact that a 
child has a higher centre o f gravity compared to an adult. This difference in body segment 
proportions may affect the body kinematics in the event o f a vehicle accident, which 
means children may have different injuries patterns than adults in vehicle crashes, and
5
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correspondingly, the relevant different injury criteria need to be accessed for child
occupants.
Figure 1. Proportion of the human body in relation to different ages. From left to right: 
newborn infant, 2-year old child, 6 year old child, 12 year old child and 25 year old adult
[57].
NEWRpUN
Figure 2. Skull Profiles showing changes in size and shape [50].
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A number o f cases studied in depth have shown that severe neck injuries occur 
very often to young child occupants in a crash. These injuries happen when the child’s 
cervical spine experiences severe tensile forces resulting from the decelerations of the 
child’s torso, which is thoroughly restrained. The immature vertebrae o f young children 
consist o f both bony segments and cartilage, and the ligaments are loose to accommodate 
growth. This combination allows the soft vertebral elements to deform and separate under 
crash conditions, leaving the spinal cord as the last connection between the head and the 
torso.
Figure 3. Physical model o f the cervical spine o f a three year old child 
Global lateral view including skull base (CO) [58].
The anatomical structures illustrated in Figure 3 are the head base, the seven 
cervical vertebrae (C1-C7), and the first thoracic vertebra (T l). Reference to these 
anatomical structures will be made later in the thesis.
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There are other vehicle crash injuries associated with children which differ from 
injuries sustained by adults as a result o f child anatomy. For example, ribs will bend 
rather than break, resulting in collision energy being transferred to the heart and lungs. 
The spine’s bony links are less well developed, which allows additional movement that 
can place undue stresses on the ligaments supporting the spine and, thus, lead to spinal 
damage.
2.2.2 Child restraint use and associated injury risks
2.2.2.1 Statistics of child restraint use
Studies by Brown et al. [9] clearly showed that improper use o f child restraint 
systems accounted for the majority o f child injuries in car accidents. It is important to 
note that data from Brown [9] indicated over 90 percent o f all cases considered involved 
restrained children. This is encouraging since evidence overwhelmingly reports that the 
use of any type o f restraints greatly reduces the risk o f injury. It is also important to 
emphasize that optimally restrained children are being provided a high level of protection 
in crashes. In terms o f injury outcome, non-use o f a restraint is the most dangerous form 
of inappropriate restraint use.
Misuse of restraint systems, incorporating both child restraints and the use of 
adult seatbelts for children, generally leads to a greater extent o f head excursion 
(displacement o f the head relative to the torso) putting both the head and spinal regions at 
greater risk o f injury. On the other hand, inappropriate use o f restraints, which typically 
takes the form of a young child prematurely using an adult seatbelt for restraints, 
generally leads to greater torso motion together with the belt loading regions o f the 
child’s body in an undesirable manner resulting in abdominal injuries.
Younger children are at a higher risk o f injury than older children if  both 
categories o f children are inappropriately restrained. In particular, children aged 4 and 
under using adult belts are at a significantly greater risk of injury than children o f the 
same age in a child restraint or booster. This suggests that the younger children are more 
vulnerable to the effects o f misuse and inappropriate restraint use.
8
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2.2.2.1 Mechanisms of restraint associated injury
Serious child injuries observed in vehicle crashes include head, abdominal, spinal, 
and chest injuries, which are often accompanied by extremity injuries [9]. Analysis of 
injury mechanisms show that head injuries are typically caused by head contacts with the 
vehicle interior. These head contacts generally occur when there is excessive head 
displacement because o f poor upper body restraint, due to misuse o f a restraint, or when 
there is vehicle intrusion. The more serious spinal injuries also occur in conjunction with 
excessive head motion, and are also associated with restraint misuse. For correctly 
restrained children, intrusion only becomes a problem when the intrusion occurs into the 
child’s seating region. Head injuries due to intrusion occur to inappropriately restrained 
children in frontal, side and rollover crashes.
Abdominal injuries occur by two main mechanisms [9], (i) Loading of the 
abdomen by the lap belt which is poorly located across the abdomen o f children in adult 
belts, (ii) From intruding structures in severe side impacts. The former mechanism is 
more commonly seen in younger children, and the latter in older children. The risk of 
injury to the abdomen o f children from poor belt fit has been long established, and 
correcting this problem is one o f the primary objectives o f a booster seat. For many of the 
children suffering serious abdominal injury in crashes where intrusion was not a factor, 
the use o f an appropriate restraint system would almost certainly have completely 
removed the risk o f injury [10].
Spinal injuries mostly occur in the cervical and thoracic spine and are associated 
with poor fit o f the seatbelt, poor pre-crash posture or misuse [9]. Once again, the use of a 
system such as a high back booster that adequately corrects poor belt fit, and assists in 
maintaining an acceptable pre-crash posture would have assisted most o f the children 
who suffer bony cervical and thoracic injuries. Brown [9] stated that the most severe 
spinal injuries occurred when child restraints and booster seats were misused, and 
excessive head displacement resulted.
The most serious chest injuries observed tend to occur as a result o f direct contact 
between the thorax and the vehicle interior, either in incorrectly restrained children or 
when major intrusion occurs [9].
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Crash factors that influence the injury mechanism include intrusion, impact 
direction, and crash severity. Higher severity crashes are associated with a higher risk of 
injury, particularly for inappropriately restrained children. Side impact crashes, where 
intrusion occurs at the child’s seating position are associated with injuries to the torso, 
head and extremities from contact with the intruding structure.
In general, the restraint types influence the injury mechanism, particularly for 
children in adult belts. Interaction o f vulnerable body parts, such as the abdomen and 
neck, with the adult belt in younger children gives rise to abdominal and cervical spine 
injuries [10]. Children using restraints with side wings (including Child Restraint System 
(CRS) and high back boosters) appear to have been both protected from thoracic and 
abdominal/pelvic injuries in side impacts, compared to in children in restraints with no 
side structures.
2.2.3 Side impact crashes and related injuries
2.2.3.1 Description of side impact events
The side impact event can be described by the following sequence o f events:
(i) The near side door is impacted by the bullet vehicle and will start intruding 
laterally into the passenger compartment.
(ii) Once the bullet vehicle engages with the door sill, the whole vehicle will 
experience a lateral movement as a result o f being pushed by the bullet vehicle. During 
this phase, the occupant tends to move towards the intruding structure.
(iii) The movement o f the occupant towards the intruding structure and the 
continued intrusion o f the door will result in an imminent contact between the occupant 
and the intruding structure.
(iv) Intruding door usually interacts with the pelvis and thorax forcing the head to 
rotate towards the struck side o f the vehicle.
2.2.3.2 Child occupant injuries during side impacts
The study o f crash site information [7] suggests that severe injuries to nearside 
seated children occurred in both the presence and absence of the vehicle wall intrusion. In
10
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the first situation with the intrusion of the vehicle wall into the occupant compartment, 
severe head, chest, abdominal, and extremity injuries are observed. In the absence of 
intrusion, lateral translation o f the child’s body can result in injurious contact with the 
vehicle interior or other occupants, or in severe non-contact head and neck injuries.
The severity o f the injury is correlated to the relative velocity between the child 
occupant and the vehicle structure [68]. The relative velocity also depends on the time 
when the contact occurs between the child occupant and the door. Occupant contact with 
the door usually occurs prior to the door achieving its maximum velocity. Coupling the 
child to the vehicle seat tends to move the child along with the vehicle structure resulting 
in less potential o f injury.
2.2.3.3 The effects of seating positions on injury risks of child occupants
Howard et al. [7] have found that positioning a child or CRS at the centre of the 
rear seat was statistically safer than the near-side seat, particularly for restrained child 
occupants. This conclusion is based on the hypothesis that during vehicle crashes 
near-side child occupants may have contact with intruding structures. It is also expected 
that a child positioned in either the centre or far-side location have a greatly reduced 
possibility of contact with the vehicle interior and injuries more typical of protected 
motor vehicle occupants may result.
Some new aspects o f seating positions is reflected in another study, in which Lund 
[8] pointed out that although some literature suggested that the optimal seating location 
for passengers was in the back seat of a vehicle and that children should use an 
age-appropriate restraint system, it is unclear what the optimal location in the back seat is 
for a properly restrained child. Lund concluded, similar to reference [69], [70], [71], and 
[72], that occupants in rear seating positions had a reduced risk o f fatality and injury 
when compared to front seated occupants. However, Lund questioned the idea that the 
outboard seats had a relatively higher risk o f fatality when compared to the centre seat of 
the vehicle. Lund reached the conclusion that the centre rear seat was not as safe as the 
outboard rear seat location for young children restrained in a CRS. One of the reasons 
behind this conclusion is due to the contour o f the rear seat making it difficult to install 
the CRS properly into the centre rear seat location.
11
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2.3 Vehicle crash cases studies
Vehicle crash cases studies, which are used to analyze available vehicle crash 
evidence and to make an assessment about how the fatalities occur, are helpful to 
understand child injury mechanisms in vehicle crashes and to provide ideas on how to 
improve the effectiveness o f child restraints in crashes.
2.3.1 Frontal impact cases
Sherwood et al. [10] have discovered in their research that over 30 percent of 
child fatalities occurred in frontal crashes. These researchers have concluded that restraint 
misuse was judged to be a major factor in the frontal crashes. In addition to the injury 
mechanisms stated in Section 2.2.2, lap belt injuries, which were observed to be lumbar 
spine or intra-abdominal injuries, were also observed in some cases.
The outcomes of two crashes examined by Sherwood et al. [10] which were 
judged to be unsurvivable are shown in Figures 4 and 5, and are referenced as Case 1 and 
Case 2 respectively. Cases were considered to be unsurvivable if  there was no survival 
space left at the child’s seating position or death was due to fire or drowning. In Case 1, 
the 3-year-old child was seated in a shield booster in the left rear seating position of the 
passenger car. The passenger car was struck at the left front location by a pickup truck, 
and the severe crush eliminated the survival space. The driver o f the passenger car and a
5-year-old child in the middle seat of the second row also were killed. In Case 2, a
6-month-old child was seated in a rear-facing child restraint in the front passenger seat. 
Both the child and driver were killed due to significant intrusion o f the instrument panel 
after collision with a large commercial truck.
12
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Figure 4. Unsurvivable frontal impact with pickup truck, Case 1 [10].
Figure 5. Unsurvivable frontal impact with commercial truck, Case 2 [10].
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Two crashes investigated by Sherwood et al [10] in which intrusion did not 
completely compromise the child’s occupant space are shown in Figures 6 and 7 and are 
referenced as Case 3 and Case 4 respectively. In Case 3, the 2-year 9-month-old child was 
seated in a forward facing child restraint. The vehicle sustained some intrusion o f the 
instrument panel, but the entire survival space was not eliminated. In Case 4, the 1-year
4-month-old child was seated in a forward facing child restraint with a shield and 
three-point harness. In this crash, there was almost no intrusion o f the child’s occupant 
space. The child died from an upper cervical spine dislocation, probably caused by 
inertial tension from the head mass, but head contact also may have contributed.
Figure 6 . Frontal impact with some instrument panel intrusion, Case 3 [10].
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Figure 7. Frontal impact with no vehicle intrusion, Case 4 [10].
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Figure 8 . Lap belt injuries in frontal impact crashes [59].
Figure 8 illustrates the seatbelt injuries sustained by a child in a frontal impact 
crash, which was investigated by Howard [59]. Three other cases investigated by 
Sherwood et al. [10] involved children who were not buckled into the internal harness,
15
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and two cases involved child restraints that were loosely attached to the vehicle. In one of 
the cases, the child restraint was found upside down in the vehicle seat. In another case, 
the vehicle lap belt had a large amount o f slack.
2.3.2 Side impact cases
Figures 9 and 10 show the outcomes o f side impacts that were judged 
unsurvivable for children [10]. As defined in Section 2.3.1, cases were considered to be 
unsurvivable if  there was no survival space left at the child’s seating position or death 
was due to fire or drowning. In Case 5 investigated by Sherwood et al. [10], a 1-year 
10-month-old child was seated in the rear outboard seat on the struck side o f a passenger 
car that was hit by a Sport Utility Vehicle (SUV). In another side crash, referenced as 
Case 6 with the case vehicle illustrated in Figure 10, a 1-year-old infant was seated in a 
rear-facing child restraint in the rear outboard seat on the struck side o f the passenger 
vehicle. The passenger car was hit by a tractor-trailer with such energy that the car was 
split into three pieces. The driver and the child died as a result o f the collision.
Figure 9. Unsurvivable side impact with SUV, Case 5 [10],
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Figure 10. Unsurvivable side impact with tractor-trailer, Case 6 [10].
Figures 11 and 12 show examples o f side impacts in which there was some 
remaining survival space in the occupant region resulted and the examples are referenced 
as Case 7 and Case 8 respectively [10]. In Case 7, the 2-year-old child was seated in a 
forward-facing child restraint in the rear outboard seat. Both the child and adult driver 
were killed in this crash. In Case 8 as a result from a spin-out, impact between a minivan 
and a tree occurred. The 3-year 6-month-old male was seated in a shield booster directly 
at the site o f impact. The child died from severe head trauma.
17
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Figure 11. Side impact with passenger car, Case 7 [10].
Figure 12. Side impact with tree, Case 8 [10].
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In another side crash involving children and investigated by Howard [59], the 
driver o f 1995 Pontiac Bonneville proceeded through an intersection without stopping 
which resulted in an impact on the right side by a Chevrolet R30 tilt-bed pickup towing a 
trailer with 2 lawnmowers. Illustration of the crash is depicted in Figure 13, and the 
deformations associated with the 1995 Bonneville and R 30 pickup are illustrated in 
Figure 14 and 15 respectively. Bonneville had a maximum crush of 53 cm and a 
maximum intrusion o f 40 cm. The truck had direct damage across front end bumper, grill 
and hood. A 3 year old female (20 kg) was seated in a high back booster seat. She 
sustained a right femur fracture (Figure 16(a)) and right frontal lobe contusions and right 
skull fractures as presented in Figure 16(b).
Figure 13. Scene diagram of side impact, Case 9 [59].
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Figure 14. Pontiac Bonneville, Case 9 [59].
Figure 15. Chevrolet R30 Conventional Cab tilt-bed pickup, Case 9 [59]
Figure 16. Child occupant injuries o f side impact, Case 9 [59].
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
In a side crash involving three vehicles, as depicted in Figure 17, 2 and 1/2 years 
old child occupant sustained severe cervical dislocation, brain stem injury, and left rib 
fracture, which are illustrated in Figure 18. These injuries were a result o f multiple 
impacts occurred when a Pontiac Grand Prix, which the child was seated in, and a Honda 
Accord, followed by impact between the Grand Prix and Dodge Caravan. Pontiac Grand 
Prix had a maximum crush o f 30 cm on the left side o f vehicle and a secondary impact 
crush of 25 cm on the right rear quarter panel (Figure 19). The child occupant was seated 
in the rear location o f the vehicle in a forward facing child restraint with a top tether. 
Compared to the normal neck physiology presented in Figure 3, Figure 18 clearly shows 
the severe dislocation between the head base and the first cervical vertebrae.
Figure 17. Scene diagram of side impact, Case 10 [59].
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Figure 18. Child occupant injuries of side impact, Case 10 [59].
Figure 19. Pontiac Grand Prix, Case 10 [59].
2.3.3 Rear impact cases
Sherwood et al. [10] have concluded in their research that rear impact accounted 
for 12 percent o f the child fatalities. Eighty-two percent o f rear impact cases studied had 
massive amounts o f vehicle intrusion and were deemed unsurvivable. In Case 11, which 
is illustrated in Figure 20, the passenger car was struck in the rear by a tractor-trailer. The 
left rear seating position o f the 1-year-old child suffered catastrophic intrusion.
22
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Figure 20. Rear impact with extreme crush, Case 11 [10].
Two o f the rear impact fatalities in the studies conducted by Sherwood et al. [10] 
were caused by contact with occupants and cargo. In one case, the relatively minor rear 
impact propelled an air tank from the rear o f a pickup truck, through the rear glass, and 
into the child in the front seat o f the pickup. In another case, it was judged that the force 
of the rear impact caused the driver to rotate rearward and strike the child sitting behind 
the driver.
2.4 Vehicle safety standards
There are different laws and recommendations on child safety in different parts of 
the world. In Australia it is referenced as Australia Standard 1754. Every child safety seat 
on the European market has to be approved and labelled according to Economic 
Commission for Europe (ECE) R. 44/03. In the US, the regulations about the technical 
construction o f child restraint system are referred to as Federal Motor Vehicle Safety 
Standards (FMVSS), which were issued by NHTSA. In Canada, Transport Canada 
worked closely with NHTSA in their rulemaking process and issued their regulations 
Canadian Motor Vehicle Safety Standards (CMVSS), which are very similar to FMVSS.
2.4.1 Transport Canada and the CMVSS
Transport Canada establishes and maintains the regulations and testing procedures 
for CRS. It monitors CRS manufacturers for compliance with the regulations, tests CRS
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on a random basis and may also test specific CRS in response to a concern raised by the 
public or by manufacturers. Transport Canada requires manufacturers to issue a public 
notice or recall on CRS that have been marketed and are subsequently found not to meet 
regulations. The recall or notice must specify what the problem is and what corrective 
actions the consumer needs to take.
Transport Canada sets and monitors the CMVSS which deals with all aspects of 
vehicle safety. Some sections deal specifically with CRS. The standards are detailed and 
specify such things as labelling, instructions, seat strength, materials, flammability, 
minimum levels o f performance, and other aspects associated with CRS. The CMVSS are 
the regulations followed by all CRS manufacturers who offer their products for sale on 
the Canadian market.
2.4.2 NHTSA and the regulatory process
NHTSA is included within the Department o f Transportation and was established 
by the Highway Safety Act o f 1970 [11]. NHTSA and its predecessor, the National 
Highway Safety Bureau, carry out safety programs under the National Traffic and Motor 
Vehicle Safety Act o f 1966 and the Highway Safety Act of 1966. NHTSA is responsible 
for reducing deaths, injuries and economic losses resulting from motor vehicle crashes. 
NHTSA’s responsibilities include setting and enforcing safety standards for motor 
vehicles and motor vehicle equipment.
Safety standards for motor vehicles and motor vehicle equipment were originally 
referred to as Motor Vehicle Safety Standards (MVSS). Today, they are referred to as 
Federal Motor Vehicle Safety Standards (FMVSS). FMVSS are established and modified 
through a process o f petition, public notification, public comment, and final ruling. 
Interested parties can petition NHTSA to take action with respect to the FMVSS. If 
NHTSA is considering or proposing a change or addition to the FMVSS, NHTSA will 
publish a notice in the Federal Register and solicit comments. Anyone can submit 
comments regarding a NHTSA proposal. NHTSA then considers comments before 
issuing a final rule on a proposed change or addition to the FMVSS. If the proposal is 
preliminary and lacks sufficient detail to lead directly to a final rule, the notice is 
typically referred to as an Advanced Notice o f Proposed Rule Making (ANPRM). On the
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other hand, if  the notice proposes specific changes or additions to the FMVSS that will 
likely lead to a final rule, the proposal is typically referred to as a Notice o f Proposed 
Rule Making (NPRM). Once NHTSA has made a final decision, the public is notified 
using a Final Rule.
2.4.3 Federal Motor Vehicle Safety Standard 213; Child restraint system
Federal Motor Vehicle Safety Standard 213 specifies requirements for child 
restraint systems used in motor vehicles and was first introduced by the National 
Highway Safety Bureau in 1971 [5]. In 1981, the standard was modified to require 
dynamic testing o f child restraints. Over the following 21 years, FMVSS 213 was 
modified on numerous occasions, most recently in June o f 2003.
2.4.3.1 The TREAD Act and recent modifications to FMVSS 213
The TREAD Act that was enacted by Congress on November 1, 2000 required the 
Secretary of Transportation to initiate rulemaking for the purpose o f improving the safety 
of child restraints. In response, on May 1, 2002, NHTSA published a NPRM proposing 
changes to FMVSS 213. NHTSA received approximately 35 submissions with comments 
on the 2002 NPRM from child restraint manufacturers, motor vehicle manufacturers, 
consumer groups, private citizens, medical providers, engineers, government groups, and 
insurance providers. In addition, NHTSA and the Juvenile Products Manufacturers 
Association (JPMA) independently conducted test programs to evaluate the proposed rule 
making. On June 24, 2003, NHTSA issued a final rule that adopted some, but not all of 
the changes that were proposed in the NPRM. Final ruling of FMVSS 213 was effective 
from August 1, 2005 [5].
2.4.3.2 Federal Motor Vehicle Safety Standard 213; Final rule
The final rule makes a number o f revisions to FMVSS 213, "Child Restraint 
Systems" (49 CFR 571.213). The revisions incorporate four elements into the standard: (i) 
an updated bench seat used to dynamically test add-on child restraint systems; (ii) a sled 
pulse that provides a wider test corridor; (iii) improved child test dummies; and (iv)
25
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expanded applicability to child restraint systems recommended for use by children 
weighing up to 65 pounds. The final rule strengthens the technical underpinnings of the 
standard and ensures that a firmer foundation is laid for possible technical improvements 
in the future. Child restraints will be tested using the most advanced test dummies 
available today and tested to conditions representing current model vehicles. The final 
rule does not adopt the scaled injury criteria developed for the occupant protection 
standard (FMVSS 208), except that the time interval used to calculate the head injury 
criterion is amended from an unlimited time interval to 36 ms, during which the 
maximum calculated head injury criteria (HIC36) shall not exceed 1000. More details 
about the injury criteria will be discussed in Section 4.5.2.
(i) Based on data collected on 35 vehicles, NHTSA proposed that the seat bottom 
angle be increased from 8 to 15 degrees off the horizontal, the seat back angle be 
increased from 15 to 22 degrees off the vertical, and the spacing of the lap belt anchors be 
increased from 222 mm (8.7 in.) to 392 mm (15.2 in.) in the centre and from 356 mm 
(14 in.) to 472 mm (18.6 in.) in the outboard positions. In addition, NHTSA proposed that 
the seat back should be fixed rather than flexible.
In the final rule, NHTSA adopted the revised bench seat as proposed in the NPRM, 
except that the lap belt anchor points for the centre seating position were specified to be 
400 mm (15.7 in.) apart rather than 392 mm (15.4 in.) as proposed. Figure 21 and 
Figure 22 illustrate the revised test bench in FMVSS 213 Final Rule.
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Figure 21. Seat orientation reference line and belt anchorage point locations on the
standard seat assembly [5],
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Figure 22. Location of belt anchorage points and forward excursion limits on the standard
seat assembly [77].
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(ii) NHTSA proposed to widen the corridor o f the sled acceleration pulse to make 
it easier for more testing facilities to reproduce this input. The wider corridor extends the 
pulse from 80 ms to approximately 90 ms in duration. NHTSA believed that the expanded 
corridor would not reduce the stringency o f the test, and would also make it easier to 
conduct compliance tests at speeds closer to 48 km/h (30 mph).
In the final rule, NHTSA adopted the wider corridor proposed in the NPRM, and 
concluded that the severity o f the pulse should not be increased or decreased at this time. 
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Figure 23. FMVSS 213 sled test corridor [5].
(iii) NHTSA proposed replacing the 9-month-old test dummy with the CRABI 
12-month-old dummy and replacing the Hybrid II 3-year-old and 6 -year-old dummies 
with the Hybrid III 3-year-old and 6-year-old dummies. In addition, NHTSA proposed the 
use of a weighted Hybrid III 6 -year-old dummy (weighing 62 lb) to test child restraints 
intended for children weighing 23 to 29 kg (50 to 65 lb). The newborn dummy would still 
be used as it had been in the past.
In the final rule, NHTSA adopted the new test dummies as proposed in NPRM, 
effective August 1, 2005 (two years from the publication of the final rule).
(iv) Previously, FMVSS 213 only covered child restraints designed for children 
weighing up to 23 kg (50 lb). NHTSA proposed to amend FMVSS 213 to regulate child
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restraints recommended for children weighing up to 29 kg (65 lb). The NPRM stated that 
NHTSA was proposing this modification in order to subject Belt Positioning Booster 
(BPB) seats that are intended for children weighing 23 to 29 kg (50 to 65 lb) to the same 
dynamic test requirements as other CRSs.
In the final rule, NHTSA amended FMVSS 213 to regulate child restraints for 
children weighing up to 29 kg (65 lb) as proposed in the NPRM.
2.4.3.3 Federal Motor Vehicle Safety Standard 213; ANPRM
On May 1, 2002, concurrent with the publication of the NPRM and in further 
response to section 14(b) o f the TREAD Act, NHTSA issued an advance notice of 
proposed rulemaking (ANPRM) seeking public comments on NHTSA’s work on 
developing a near-term possible side impact protection standard for child restraint 
systems [6].
The ANPRM primarily addressed the uncertainties in side impact protection for 
children in child restraints [6]: (i) determination o f child injury mechanisms in side 
impacts, and crash characteristics associated with serious and fatal injuries to children in 
child restraints; (ii) development of test procedures, a suitable test dummy and 
appropriate injury criteria; and (iii) identification o f cost beneficial countermeasures. 
Uncertainties in these areas, together with the statutory schedule for this rulemaking, 
made it difficult for NHTSA to assess and make judgments on the benefits and costs of a 
rulemaking on side impact protection. The ANPRM also requested comments on the 
appropriateness o f proposing to incorporate a rear impact test procedure into FMVSS 213 
for rear-facing child restraint systems.
Upon further consideration o f the comments on the ANPRM and NHTSA’s side 
impact test program, NHTSA decided not to issue an NPRM and final rule on side and 
rear impact protection at the time and thus withdrew the action. A full explanation of 
NHTSA’s reasons for this decision is set forth in a report to Congress that NHTSA has 
issued concurrently with the final rule. To summarize, NHTSA found that for side crashes 
[6]: (i) Data are not widely available as to how children are being injured and killed in 
side impacts (e.g., to what degree injuries are caused by intmsion of an impacting vehicle 
or other object); (ii) Potential countermeasures for side impact intrusion have not been
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developed; (iii) There is not a consensus on an appropriate child test dummy and 
associated injury criteria for side impact testing. There was widespread support for 
NHTSA to monitor the progress o f the International Standards Organization (ISO) to 
develop a harmonized side impact test procedure. A preliminary draft o f an ISO side 
impact test procedure includes specifications for an intruding door member. However, no 
dummies are available at the present time whose construction is designed for side impact 
validation. Given the lack o f an approved test device, and corresponding injury criteria, a 
final version o f an ISO test procedure is not expected in the near future.
The level and amount o f effort needed to further develop and validate the ISO side 
impact test procedure far exceeds what could be accomplished within the time constraints 
of the TREAD Act. While an NPRM is not feasible, NHTSA’s research into improved 
side impact protection requirements for child restraints will continue as an ongoing 
program.
2.4.4 Federal Motor Vehicle Safety Standard 208; Occupant crash protection
FMVSS 208 specifies performance requirements for the protection of vehicle 
occupants in crashes [73]. The purpose of the standard is to reduce the number of deaths 
o f vehicle occupants, and the severity o f injuries, by specifying vehicle crashworthiness 
requirements in terms of forces and accelerations measured on a variety of 
anthropomorphic dummies in test crashes and static airbag deployment tests, and by 
specifying equipment requirements for active and passive restraint systems. The frontal 
barrier impact test is conducted at a test speed of 56 km/h (35 mph). Details about the 
injury criteria will be discussed in Section 4.5.2.
2.4.5 Federal Motor Vehicle Safety Standard 214; Side impact protection
FMVSS 214 specifies dynamic and static performance requirements to assure the 
crashworthiness o f vehicle side structures [74]. The purpose o f the standard is to reduce 
the risk o f serious and fatal injury to occupants o f vehicles involved in side impact 
cashes.
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2.5 Anthropomorphic Test Devices (ATD)
2.5.1 Introduction
Anthropomorphic test devices (ATD), commonly referred to as dummies, are 
mechanical surrogates o f humans. Crashworthiness engineers use ATD to evaluate the 
occupant protection potential o f various types o f restraint systems in simulated collisions 
of new vehicle designs. Current ATD are designed to be biofidelic, meaning they mimic 
pertinent human physical characteristics such as size, shape, mass, stiffness, and energy 
absorption and dissipation. The dummies’ mechanical responses simulate corresponding 
human responses o f trajectory, velocity, acceleration, deformation, and articulation when 
the dummies are exposed to prescribed simulated collision conditions. Engineers equip 
dummies with transducers that measure accelerations, deformations and loading of 
various body parts. Analyses o f these measurements are used to assess the efficacy of 
restraint system designs.
Dummies are classified according to size, age, sex and impact direction. Adult 
male and female dummies are of different sizes and child dummies represent different 
ages. Some dummies are used to assess frontal collision protection and others are used to 
evaluate side impact collisions. The most current frontal impact dummies have sufficient 
bio fidelity to be used to evaluate rear-end collision protection [12]. However, neither the 
current frontal nor side impact dummies have the necessary biofidelity, measurement 
capacity or durability to evaluate the other’s impact direction. Most often, test engineers 
use the mid-size adult male dummy for automotive restraint testing. It approximates the 
median height and weight o f the 50th-percentile adult male population. The heights and 
weights o f the small female and large male adult dummies are approximately those o f the 
5th-percentile female and the 95th-percentile male, respectively. Child dummies have the 
median heights and weights o f children of the specific age groups they represent without 
regard to gender.
Sierra Sam [12], a 95th-percentile adult male dummy developed by Sierra 
Engineering Company in 1949, was the first crash test dummy used by the domestic 
automobile industry for restraint system testing. Sierra Sam was originally developed for 
ejection seat testing by the U.S. Air Force. Engineers used early versions o f dummies to
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assess the integrity o f restraint systems during simulated frontal collisions. These 
dummies mimicked human shape and weight and were quite durable. However, they 
lacked human-like stiffness in the important areas such as the head, neck, thorax and knee. 
They also were not extensively instrumented to measure responses that could be 
associated with all pertinent injury concerns. Current dummies have been designed to be 
biofidelic in their impact responses and are extensively instrumented.
2.5.2 Catalogue of anthropomorphic test devices
Different kinds o f anthropomorphic test devices were designed to represent the 
necessary biofidelity, measurement capacity and durability in various impact test 
directions. A summary of the dummies is shown in Table 1.
Frontal Impact ATD 
Hybrid III 5th Female 
Hybrid III 50th Male 
Hybrid III 95th Male 
Hybrid II 50th Male 
VIP Test Dummies 
TNO-10 Dummy
Table 1. Anthropomorphic test devices [60].






Rear Impact ATD Children ATD
RID2 CAMI
TRID - CRABI 6 Month Old
(Rear Impact Neck) CRABI 12 Month Old
CRABI 18 Month Old
Hybrid III 3 Year Old
Hybrid III 6 Year Old
Hybrid III 10 Year Old
VIP 3 Year Old
Hybrid II 6 Year Old
Q3 Child Dummy
P0 Newborn
P3/4 9 Month Old
PI 1/2 18 Month Old
P3 3 Year Old
P6 6 Year Old
P10 10 Year Old
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2.5.3 Development of Hybrid III dummy family
The Hybrid III Dummy Family consists o f a small adult (5th percentile) female 
dummy, a mid-size adult (50th percentile) male dummy, a large adult (95th percentile) 
male dummy, a 3-year-old child dummy and a 6-year-old child dummy. Figures 24 (a) 
and (b) show the Hybrid III dummy family. These dummies were developed to address 
the biofidelity and instrumentation deficiencies o f the Hybrid II dummy family. Since 
their necks mimic human bending responses in flexion and extension, these dummies can 
be used in rear as well as frontal collision evaluations [12].
A
(a) (b)
Figure 24. Hybrid III adult dummies (small females, mid-size male and large male), 
Hybrid III 3-yearold, 6-year-old and the CRABI 12-month dummies [12].
In 1972, General Motors (GM) initiated a research program to define and develop 
a biofidelic mid-size adult male dummy, called Hybrid III, to replace the GM Hybrid II 
dummy [12], The Hybrid III was designed to mimic human responses for forehead 
impacts, fore and aft neck bending, distributed sternal impacts and knee impacts. Its head 
consists o f an aluminum shell covered by vinyl skin having constant thickness over the 
cranium. The thickness o f the skin was chosen to give human-like head accelerations 
when the forehead is impacted. The neck is made up of asymmetric rubber segments 
bonded to aluminum disks. A braided wire cable attached to end plates passes through the
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neck centre. The top end plate is linked to the head with a single pivot joint to represent 
the atlantooccipital joint o f the human. This construction allows the neck to mimic human 
neck bending responses for flexion, extension, and lateral bending. The chest comprises 
six steel ribs linked on one end to a leather part representing the sternum and on the other 
end to a rigid spine. Dampening material is bonded to the inside o f each rib to copy the 
energy dissipation o f the human thorax. The ribs are sized to mimic the sternal 
force-deflection response o f the human thorax. The shoulder structure is designed to 
provide an appropriate interface with the shoulder belt. The abdomen is made of 
polymeric foam. The lumbar spine is represented by a cylindrical curved rubber piece 
with two braided steel cables running through the centre and attached to end plates. The 
curvature o f the spine gives the dummy a human-like seated posture. The pelvis is an 
aluminum casting o f a human pelvic bone covered with vinyl skin. Femurs and legs are 
made of steel shafts covered with vinyl skin. Rubber pads are inserted in both knee areas 
under the skin to give human-like impact response. Ball joints are used for the hip and 
ankle. Other joints are constant torque pin-joints.
Due to its excellent biofidelity and measurement capability, General Motors 
petitioned NHTSA in 1983 to allow the use o f the Hybrid III mid-size adult male dummy 
as an alternative test device to the Hybrid II for FMVSS 208 compliance testing of 
passive restraints [12]. Its use was allowed in 1986. In 1990, General Motors filed a 
second petition requesting that the Hybrid II dummy be deleted from FMVSS 208 
compliance testing. NHTSA deleted the Hybrid II in 1997, making the Hybrid III 
mid-size adult male dummy the only dummy allowed for FMVSS 208 testing and the 
only dummy specified for frontal restraint evaluation throughout the world.
Since its creation in 1976, the Hybrid III mid-size male dummy has undergone 
design changes to improve the biofidelity o f its hips and ankles and to increase its 
measurement capacity [12]. Since the Hybrid III is specified in worldwide regulations, 
several regulatory bodies must approve all design changes. After NHTSA allowed the use 
o f the Hybrid III mid-size adult in FMVSS 208 compliance testing, the Centres for 
Disease Control and Prevention (CDC) awarded a grant to The Ohio State University in 
1987 to develop a multi-sized Hybrid Ill-based dummy family. To support this effort, the 
Mechanical Human Simulation Subcommittee o f the Human Biomechanics and
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Simulation Standards Committee o f the Society o f Automotive Engineers (S AE) formed a 
Dummy Family Task Group o f biomechanics, test dummy, transducer, and 
restraint-system experts. They defined the specifications for a small adult (5th percentile) 
female dummy, a large adult (95th percentile) male dummy and a 6-year-old child 
dummy having the same level o f biofidelity and measurement capacity as the Hybrid III 
mid-size adult male dummy. Key body segment lengths and weights were defined based 
on anthropometry data for the United States population. Biofidelity response 
requirements for the head, neck, thorax, and knee o f each size o f dummy were scaled 
from the respective biofidelity requirements o f the Hybrid III, mid-size adult male 
dummy.
In 1992, the SAE Hybrid III Dummy Family Task Group initiated a program to 
develop a Hybrid III 3-year-old child dummy [12]. Again, this dummy was designed to 
have the same level o f biofidelity and measurement capacity as the other Hybrid III type 
dummies, except for the knee impact requirement and the leg instrumentation. These 
items were omitted from the design requirements since knee impact is an unlikely event 
for a properly restrained 3-year-old child. This dummy was designed to replace the GM 
3-year-old “airbag” dummy for evaluating unrestrained child interactions with deploying 
passenger airbags. It would also be used to assess the efficacy o f child restraints. For 
these reasons, its sternum was instrumented to measure its response to the punch-out 
forces o f deploying passenger airbags.
2.5.4 Hybrid III 3-year-old child dummy
The Hybrid III Three-Year-Old child dummy, which is shown in Figure 25, was 
designed to be used in testing child restraints and assessing the injury risks associated 
with airbag interactions [60]. Some o f the distinguishing characteristics o f the Hybrid III 
3-year-old child dummy design are biofidelic head, biofidelic segmented neck with a 
steel cable to limit elongation and biofidelic thorax including ribs made o f 1095 steel for 
increased durability, upper and lower rib guides to limit vertical movement o f the ribs and 
stemum-to-spine bumpers to prevent instrumentation damage caused by metal-to-metal 
contact in the event o f severe chest deflection. As the dummy was intended to be used
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while properly restrained in CRS as well as out-of-position with airbags, the dummy's 
pelvis allows sitting, standing and kneeling postures.
■
1■
Figure 25. Hybrid III 3-year-old child (H-III3C) dummy [60].
2.5.5 Q-series child dummy
In the late 1970's and early 1980's, TNO Automotive and others developed the 
P-dummies, a series o f child dummies that covers almost the complete child population 
up to 12 years [47]. The P-series dummies are test tools for the European regulation 
ECE-R44 and are also adopted by many other standards. In 1993 the International Child 
Dummy Working Group started with the development o f the Q-series o f child dummies 
as successor to the P-series. The 3 year old version, Q3, is the first dummy of the Q-series 
[47]. Figure 26 illustrates the Q-series dummy family.
Figure 26. The Q-dummy family: (from left to right) Q1.5, Q3, Q0, Q6, and Q1 [47].
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The Q3 dummy, which is shown in Figure 27, differs considerably from the 
P-dummies [53]. It is not only advanced in terms of its biomechanical and anthropometric 
basis, it is also developed to be used in both front and side impact testing, making it the 
first "multidirectional" (child) dummy. The instrumentation for Q3 is interchangeable 
within the dummy and between members o f the Q-series.
Figure 27. Q3 3-year-old child dummy [53]
NHTSA conducted an evaluation to study the frontal repeatability, durability, and 
biofidelity o f the TNO Q3 Three-Year-Old Child Dummy [62]. The Hybrid III 3-year-old 
Child Dummy was similarly evaluated. The methods used included the certification tests 
for the Q3 and Hybrid III Three-Year-Old Child Dummy, out-of-position (OOP) airbag 
interaction tests, and a limited review o f the biofidelity scaling.
The approach permitted an evaluation o f the performance o f the Q3 to its own 
requirements and to compare its repeatability, durability, and biofidelity to those o f the 
Hybrid III three-year-old dummy. In general the testing showed Q3 repeatability in 
calibration type was excellent, but only part o f its frontal calibration and biofidelity 
requirements were met. Results o f the evaluation performance indicated durability 
problems associated with the Q3 dummy.
Some o f the major findings summarized by dummy component are [47]: (i) The 
heads o f the two dummies fell within the Hybrid III 3-year-old child dummy biofidelity 
corridor but the neck responses were not equivalent, (ii) The Q3 thorax was too stiff to
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meet either its calibration or biofidelty corridor, the thorax o f the Q3 dummy developed 
minor cracks in OOP tests, and contained no instrumentation for measuring chest 
deflection response in OOP testing, (iii) The spine also did not meet its calibration 
requirements, (iv) Finally, it was concluded that the Q3 dummy required further work to 
optimize its performance and evaluation o f the lateral response of the dummy should wait 
until the problems found in this and other independent frontal testing have been 
addressed.
2.6 Child restraint system
CRS vary with the size o f the child, the direction the child faces, the type of 
internal restraining system, and the method o f installation. Figures 28, 29, 30, and 31 
show the different child restraint systems.
(a) (c)(b)
Figure 28. Restraining configurations: (a) 5-point harness, (b) tray shield, (c) T-shield [4].
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(a) (b)
Figure 29. (a) Forward facing and (b) rearward facing child restraints [4].
(a) (b)
Figure 30. Child restraints with different installation systems: (a) Lower Anchors and 
Tethers for Children (LATCH) and (b) rigid ISOFIX [61].
Figure 31. Top tether anchor [61].
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2.6.1 Installation systems of child restraints
In the late 1980s, a working group o f ISO was formed, with the mission to 
achieve international harmonization and standardization o f child safety in cars [57]. One 
o f the aims was to reduce misuse and non-usage o f different types o f CRS, by simplified 
and standardized methods for usage. In the early 1990’s, the initial development of a 
number o f standardized anchorage devices to be mounted in cars for the CRS began (i.e. 
the so called ISOFIX standard). The CRS is supposed to be easily attached to these 
anchorage devices. The ISOFIX standard system work was completed in 1999 and 
ISOFIX systems are now mounted in more than 15 million cars world wide.
Transport Canada originally developed a system called CANFIX, which 
contributed to the ISOFIX development. In the USA, a system called LATCH (Lower 
Anchors and Tethers for Children) has been developed. It is based on the ISOFIX system 
but with certain modifications.
2.6.2 The ease of use comparison among different installation systems
A study conducted by Charlton et al. [13] compared the performance of 
rear-facing and forward-facing child restraints with three anchorage systems: standard 
seatbelt, LATCH (flexible) and ISOFIX (rigid). The findings have important implications 
for the proposed introduction of changes to child safety regulations and future child 
restraint system designs.
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Seatbelt anchorage at impact Seatbelt anchorage in rebound
Flexible anchorage at impact Flexible anchorage in rebound
Rigid anchorage at impact Rigid anchorage in rebound
Figure 32. Side impact tests (far-side) for forward facing with seatbelt, flexible and rigid 
anchorages showing maximum lateral head displacement during impact and rebound
[13].
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From the experimental tests and data comparison, Charlton et al. [13] concluded 
that the improvements o f the child restraint system design were possible, notwithstanding 
the effectiveness o f current CRS (with seatbelt anchorages) in real world crash studies. 
The study demonstrated that with minimal change, a standard CRS currently available in 
Australia could be successfully modified to accept a rigid attachment system that, overall, 
offered superior crash performance compared with the standard seatbelt option. 
Furthermore, the study showed that while a flexible anchorage system could be fitted to a 
standard CRS much more easily and more cost effectively than the rigid system, on the 
whole, its performance was inferior to the rigid system. Maximum lateral head 
displacements for three anchorage systems during side impacts and the corresponding 
rebound are illustrated in Figure 32. Further details o f the experimental test and 
observations will be discussed in Section 2.12.2.
Evidence from dummy kinematics and video recordings demonstrated an 
advantage o f the rigid ISOFIX system over the flexible LATCH system in reducing 
lateral displacement and rotation of the restraint and the dummy occupant in side impacts 
The findings also highlighted an advantage of the rigid attachment system in reducing 
potential head injury (HIC36) in frontal impacts for one of the two forward-facing child 
restraints. The results suggested that further design improvements to restraints attached 
with seatbelt and flexible anchorage systems might be useful to enhance their stability 
and reduce the risk o f contact with the vehicle interior or another restraint or occupant.
A research group from CLEPA [14] also obtained similar results from their own 
side impact sled tests. They conducted the comparison between ISOFIX and LATCH in 
both side impact performance and consumer ease o f use. The results showed that the seat 
assembly installed with ISOFIX had less transverse and rotational movements. 
Correspondingly, the head containment was increased with ISOFIX by the reduced side 
movement and rotation about vertical axis. Hence, rigid ISOFIX results were superior to 
LATCH. The survey also showed that the majority of people found the ISOFIX 
installation system was easier to use.
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2.7 Experimental testing
2.7.1 New Car Assessment Program (NCAP)
New car assessment program was initially developed to test the crashworthiness 
o f the popular vehicle models. New car assessment programs are conducted by a number 
o f entities around the world, although the test procedure and regulations followed may be 
different to some extent.
2.7.1.1 NCAP around the world
In 1978 NHTSA began crash-testing popular vehicle models in the United States. 
Their protocol (FMVSS 208) involved running vehicles head-on into a fixed barrier at 
56 km/h (35 mph) [75], Today's passenger vehicles are designed to be more crashworthy 
than they used to be, largely thanks to this testing. Still, over 30,000 occupants die in 
crashes on U.S. roads each year [2]. NHTSA provides safety information for a large 
number o f vehicles through their NCAP, using a crash-testing procedure and featuring 
only vehicles built after 1994. The Insurance Institute for Highway Safety (IIHS) does its 
own testing for the insurance industry, but data is only available for a few late-model 
vehicles.
In Europe, the most popular models are crash-tested by the European NCAP. The 
European New Car Assessment Program (Euro NCAP) was established in 1997 [75], and 
is funded by governments, the European Commission, and consumer organizations. Euro 
NCAP has developed a protocol for rating vehicles equipped with child restraints in 
frontal and side impacts. The protocol is being used in Europe, this is separate from the 
performance standard for child restraints that has been issued by the Economic 
Commission for European (ECE), ECE Regulation R44.2. In the Euro NCAP side impact 
test protocol [75], vehicles are impacted with a moving deformable barrier traveling at 
48 km/h (30 mph) at a 90-degree angle. A P I .5 18-month-old dummy and a P3 3-year-old 
dummy are used in the evaluation, neither o f which was specifically designed to evaluate 
performance in side impacts. The vehicle is rated on dummy head containment, resultant 
head acceleration, and chest acceleration.
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In Australia, the Australian NCAP (ANCAP) has recently adopted the Euro-NCAP 
testing procedures (ANCAP formerly used NHTSA test procedures).
In Japan, the National Organization for Automotive Safety & Victims' Aid (OSA) 
sponsors Japanese NCAP tests (full-frontal, frontal offset, and side impact) on the most 
popular Japanese home-market vehicles [75].
2.7.1.2 Frontal and side impact test procedure in NCAP
In full-width frontal impact crash tests, NHTSA and OSA currently use the 
following procedure for their full-width frontal impact collisions [75]. Dummies are 
seated in the driver's and front passenger seat. The vehicle crashes head into a rigid 
concrete barrier at 56 km/h (35 mph). Afterwards, researchers measure and evaluate the 
impact on the dummies' head, chest, and legs. The full-width frontal impact crash test 
configuration is shown in Figure 33.
Figure 33. NCAP full-width and offset frontal impact crash test [75].
This test results in large forces being applied to the test dummies during the crash 
and is particularly well suited to the evaluation o f occupant restraint systems such as seat 
belts and airbags. O f note, however, the damage done to the vehicle itself is not assessed.
In 2000, NHTSA added testing for side-impact protection [75]. For side impact 
testing, a test vehicle was impacted on the left or driver's side by a moving deformable 
barrier that was moving forward in a 27° position at a velocity o f 61.92 km/h (38.48 mph). 
The target vehicle was stationary and positioned at an angle o f 63° to the line of forward 
motion. The NCAP side impact test configuration is illustrated in Figure 34. Two 
locations o f impact are considered for frontal seat and rear seat side impact protections.
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FRO NT SEAT
REAR SEAT
Figure 34. NCAP side impact test [75].
2.7.1.3 Child safety testing in NCAP
Frontal dynamic sled testing is also part o f the New Car Assessment Program 
sponsored by the NHTSA. The purpose o f the test is to obtain child seat research data for 
frontal dynamic testing [62],
The frontal dynamic sled test is conducted in accordance with the child restraint 
test procedure provided by the FMVSS 213 Final Rule published June 24th, 2003. The 
FMVSS 213 sled pulse was used to experimentally simulate a crash. Figure 35 shows the 
configurations o f frontal dynamic sled test for FMVSS 213.
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Figure 35. NCAP frontal dynamic sled test configuration [62].
2.7.2 Side impact tests for child safety research
Compared to frontal impacts, the knowledge of child occupant injury mechanisms 
in side impacts is very limited at the present time. A harmonized side impact test 
procedure for child safety has yet to be developed. However, some preliminary side 
impact tests were completed by different individuals.
2.7.2.1 Side impact vehicle tests by Rockwell [55]
Side impact vehicle tests by Rockwell et al. [55] were to develop a lateral test 
procedure for child restraints and to address some of the issues raised in the 
FMVSS 213 ANPRM including: (i) determining child injury mechanisms in side impact 
vehicle tests, and (ii) comparing performance in vehicle tests to that o f suggested 90° sled 
tests. 8 vehicles were selected in the research. For any one particular vehicle, model of 
CRS, CRS orientation, CRS belt configuration, and child dummy were identical for both 
outboard rear seating positions. Hybrid III 3-year-old child dummies and CRABI
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12-month-old child dummies were used in the tests. Side NCAP test procedure was 
followed to simulate a car moving at 55 km/h hitting another car moving at 27 km/h. The 
testing configurations o f side impact vehicle tests are shown in Figure 36. Some 
preliminary observations include: (i) Based on limited test series, CRS were able to 
withstand severe side impact crash conditions without mechanical failure, (ii) Dummies 
located in the near side crash location exhibited larger injury criteria than those for far 
side dummies.
(a) (b)
Figure 36. Side impact vehicle tests by Rockwell o f ACE Systems Technologies, Inc.[55].
2.1.2.2 Side impact tests to compare different installation systems
Side impact tests conducted by Charlton et al. [13] and CLEPA [14] were to 
compare the performance o f different child installation systems in side crashes.
In Charlton’s research, side impact tests o f 50 km/h (near and far-side) were 
conducted with a crash severity o f approximately 15 km/h using a Holden Commodore 
sedan buck. New seat belts, CRS, and top tether anchors were used in each test and the 
rear seat belt anchor points were reinforced to withstand numerous tests. The front seats 
of the test bucks were positioned mid-way between full forward and the 95th percentile 
positions and the seatback angle was 25° from vertical. For the side impact tests, CRABI 
6 month dummy in a rearward facing CRS and a TNO P3 dummy positioned in forward 
facing CRS were used. Test configurations are illustrated in Figure 32. The findings of 
Charlton’s research have important implications for the proposed introduction of changes 
to Australian Standards for CRS to permit both flexible and rigid systems to co-exist with
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conventional seatbelt anchorage systems. The test results showed superior side impact 
test performance of a rigid anchorage system over a seatbelt anchorage system.
In CLEPA’s side impact tests [14], the ECE R44 sled bench was rotated 80° to 
obtain lateral as well as forward motion of the dummy so that the test situation was 
considered to be more severe than a 90° bench set up. A rigid fixed door panel with a 
height o f 500 mm above the CRS and 300 mm from the centreline o f the ISOFIX 
anchorage bars was used in the tests. There was no padding on the door during the tests. 
The sled velocity was prescribed as 40 km/h (25 mph), and the peak deceleration was 
approximately 15.25 g’s. TNO P3 dummies, which were accepted for relative comparison 
but not biofidelic in side impact, were used in the tests. The test configuration is 
illustrated in Figure 37.
Figure 37. CLEPA side impact test configuration [14].
The findings o f CLEPA’s side impact tests also showed the rigid ISOFIX results 
were superior to LATCH and the rigid ISOFIX was easier to use.
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2.8 Child safety simulations by multi-body methods and finite element methods
A number o f mathematical models have been developed to simulate the behaviour 
of a child passenger restrained in a protective device in the case o f a vehicle crash. In the 
following section, examples o f numerical models are summarized and different numerical 
simulation methods are compared in terms o f computational time, related costs, and 
integration methods.
2.8.1 A general overview of the multi-body method for crash analysis
In a multi-body model [12] rigid bodies are connected by various joint types 
through which the number o f degrees o f freedom between the elements can be 
constrained.
One o f the first human body simulation models was developed in 1963 by 
McHenry [12]. The results o f this model were so encouraging that many more 
sophisticated models have since been developed. The most well known are the 
two-dimensional 8-segment MVMA-2D model and the three-dimensional 6-segment 
HSRI occupant model both developed by Robbins et al. [12], the three-dimensional 
12-segment UCIN model, and the three-dimensional Calspan 3D CVS (CAL3D), which 
allowed up to 20 elements.
MADYMO [15], which is a general multi-body/fmite element program with a 
number o f special features for crash analyses, is a more recent computer program. 
MADYMO was developed in Europe by TNO Automotive in Delft, The Netherlands. 
Figure 38 shows an example o f a multi-body model for frontal impacts.
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Figure 38. Example o f multi-body model: 3-dimensional model for frontal collisions of 
Chrysler Neon with Hybrid III dummy [12].
2.8.2 Multi-body methods versus finite element methods
The earliest numerical models o f the vehicle safety crashes have been based on 
multi-body techniques [12]. More recently, finite element techniques have been used for 
this purpose. A major advantage o f the multi-body approach is its capability to simulate, 
in an efficient way, spatial motions o f mechanical systems with complex kinematic 
connections as present in the human body and in parts of the vehicle structure. The 
advantage o f the finite element method is the capability o f describing local structural 
deformations and stresses in a realistic way. However, the creation o f a finite element 
model is time-consuming, and the availability o f realistic material data is limited, 
particularly in the case o f biological tissue response. Furthermore, relatively large 
amounts o f computer time are required to perform a finite element crash simulation, 
making the method less attractive for complex optimization studies involving many 
design parameters.
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2.8.3 Integrated multi-body finite element simulations
This approach allows the use o f different integration methods for the equations of 
motion o f the finite element module and the multi-body module. For an integrated 
MADYMO analysis, the fourth order Runge-Kutta or Euler method is used for the time 
integration o f the equations o f motion of the multi-body system. The central difference 
method is used for the equations o f motion of the finite element model. Actual body 
positions and velocities at each time step of the central difference method determine the 
support and contact forces. The forces acting on the multi-body system are accounted for 
in each mean time point o f the fourth order Runge-Kutta and each time step o f the Euler 
method [12]. Due to the fine spatial discretization often required in a finite element model, 
a much smaller time step is required in finite element model compared to a multi-body 
model. To improve the efficiency o f the integrated analyses, the finite element analysis is 
subcycled with respect to the multi-body analysis.
2.8.3.1 Integrated multi-body finite element model by Surcel [16]
In the research conducted by Surcel [16], MADYMO was chosen to analyze a 
numerical model to investigate the behaviour of a child occupant restrained in a forward 
facing child restraint in the vehicle side impact crashes. Both finite element and 
multi-body methods were used in the model.
The side wings o f the child restraint system and the vehicle body were modeled 
by the finite element technique, to allow for better representation o f the contacts and to 
allow the simulation o f the vehicle body deformation. To reduce the costs and analysis 
time, the model was mainly based on a multi-body method, which allows the use of 
already validated dummy models from the MADYMO library and makes possible the 
comparison with other simulations created with the same software. To simulate the side 
impact, both a lateral acceleration field and the gravity field were applied to the child 
dummy and to the CRS. The lateral acceleration field, which had an impact velocity of
>y
33.8 km/h with a peak acceleration o f 26 g (255 m/s ), complied with the side NCAP 
specifications. The vehicle model of a Pontiac Grand Am 1999 was chosen for the 
simulation.
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The model, which is shown in Figure 39, was evaluated for side impact against 
similar test data from NHTSA. The simulation results were generally very close to 
experimental data but differences could be observed for some injury criteria, probably 
caused by a slightly different child dummy initial position or some differences between 
real tested belt and belt model characteristics or both. Specifically, head injury criteria 
and thorax acceleration obtained through the simulation were higher than the reference 
values but thorax deflection and neck forces were less than the related reference values.
Figure 39. Child restraint system and vehicle body model developed by Surcel [76]. 
2.8.3.2 Integrated multi-body finite element model by Hulme [17]
In another study conducted by Hulme et al. [17], similar numerical method was 
used to simulate the FMVSS 213 frontal dynamic sled test. The MADYMO model 
created for use in the study was intended to mimic the parts o f the various systems and 
subsystems comprising the modified FMVSS 213 sled test setup. As such, it included 
relatively simple idealized representations o f the CRS (including its harness belt 
assembly), a standard Hybrid III 3-year-old child dummy located and restrained within 
the confines o f the CRS, the test bench assembly on which the CRS was placed and 
positioned, and the safety belt that secured the CRS to the sled carriage structure. In the 
test the sled underwent a velocity change o f 12.9 m/s (28.9 mph).
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Figure 40 illustrates the testing configuration and the complete numerical model. 
The MADYMO model developed by Hulme et al. [17] was provisional and had not yet 
been properly validated. It displayed fair correlation between those experimental and 
model-predicted physical parameters including chest accelerations and knee responses. 
The magnitudes o f model predicted head and chest accelerations were almost equal to 
that of the corresponding experimental values.
Figure 40. FMVSS 213 sled test environment (a) and Composite MADYMO CRS model
2.8.4 Finite element simulations for child safety research
2.8.4.1 Finite element child seat model by Turchi [64]
The numerical model developed by Turchi [64] was used to investigate the injury 
potential o f children in forward and rearward facing child restraint seats in frontal 
collisions. Experimental sled tests were completed following the guidelines outlined in 
the FMVSS 213 using a Hybrid III 3-year-old dummy in a convertible forward/rearward 
facing child restraint seat. The seat was equipped with a five point child safety belt and 
the experimental test was completed in the forward facing configuration. The finite 
element model o f the child safety seat only had the pertinent surfaces o f the CRS which 
might have contact with the dummy. The finite element model o f CRS is shown in 
Figure 41. To verify the numerical simulations, the head and chest accelerations were
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compared to the experimental findings and it was observed that a reasonable correlation 
between the data existed. Through an analysis of injury criteria, using neck loads and 
head accelerations, it was also observed that the rearward facing child dummy sustained 
significantly lower levels o f neck injury criteria while exhibiting similar levels of the 
head injury criteria as the forward facing child dummy. The limitations o f this child seat 
model are that it does not incorporate the deformability o f the CRS and it will not have 
lateral movements relative to the test bench in side impacts. These factors result in 
unrealistic contact forces between the child dummy and the CRS during the crashes.
H3 3 YEAR OLD CHILDfGFUCO REVERSIBLE SE 
Time = 0
(a) (b)
Figure 41. Finite element child seat model by Turchi [64].
2.8.4.2 Finite element model of a 3-year-old child
Child crash dummies are conventionally used for safety performance evaluations 
of the child restraint system in vehicle crash tests. In order to investigate injuries to 
various body regions o f a child in detail, numerical models will be useful, and provide 
information that can not be analyzed by crash dummies. In the research conducted by 
Mizuno et al. [18] a finite element model o f a three years old child was developed by 
scaling from a Total Human Model for Safety (THUMS) AM50 human finite element 
model to investigate the potential injury risks o f children during vehicle crashes. The
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geometrical scaling factors were chosen so that the size scale factors in three directions 
Xx, Xy, Xz had values as similar as possible. The finite element model o f a 3-year-old 
child is shown in Figure 42. The responses o f the child finite element model were 
compared to those o f the Hybrid III 3-year-old child dummy in the tests. ECE R44 tests 
were also simulated using two different types o f CRS, and the child finite element model 
behaviour was compared to the Hybrid III. Child finite element model responses were 
close to the response corridor of neck flexion, thorax impact and lumber spine flexion of 
a Hybrid III 3-year-old child dummy. It was concluded that the spinal flexion mode o f the 
model is more human-like than that of Hybrid III dummy.
Figure 42. Finite element model of a 3-year-old child [18].
2.8.4.3 Finite element model of a 3-year-old child’s neck
To offer a better understanding o f child injury mechanisms, the study by the 
researchers from the University of Louis Pasteur France [58] proposed a human-like 
finite element model o f a three years old child's neck. A 3-year-old child’s neck was
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scanned with a medical scanner. An original meshing was generated on the previous 
geometry to obtain a finite element model o f the child’s neck. The anatomical structures 
incorporated were the head, the seven cervical vertebrae (C1-C7), the first thoracic 
vertebra (T l), the intervertebral discs and the principle ligaments which were modelled 
using non-linear shock-absorbing spring elements. The stiffness values used are taken 
from literature, and scaled down using appropriate factors. The model validation was 
compared against the Q3 dummy in a sled test. The accelerations o f the head model were 
similar with those recorded experimentally with a Q3 dummy neck in rearward, frontal 
and lateral impact direction. The finite element model o f a 3-year-old child’s neck and the 
neck responses in frontal impacts are illustrated in Figure 43.
f
Time=U6 ms
Tune=22 ms Time=150 ms
Time=54 ms Tune=l 82 ms
t  *
Time=94 ms Time=214 ms
(a) (b)
Figure 43. (a) Finite element model o f a 3-year-old child’s neck and (b) neck responses in
frontal impacts [58].
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3. FOCUS OF RESEARCH
The literature on child safety in vehicle crashes has indicated that considerable 
work had been investigated for infants and children in frontal crashes. In either full 
vehicle frontal barrier tests or frontal dynamic sled tests, the state-of-the-art Hybrid III 3- 
and 6-year-old child dummies were used to obtain the injury data derived from 
accelerations, forces and moments during the impacts. A number o f popular vehicle 
models and various types o f child restraints were used to study the child dummies in 
forward-facing configurations under vehicle safety standard CMVSS 208 and 
FMVSS 213. However, the research on child safety in side impacts is very limited 
because o f the uncertainties in many areas. These areas include crash characteristics 
associated with serious and fatal injuries to children in child restraints and the child injury 
mechanisms in side impacts, development o f test procedures, a suitable instrumented side 
impact dummy and appropriate injury criteria, and identification of cost beneficial 
countermeasures. In another aspect, a very small number o f numerical models were 
developed to investigate the injury potential for children in frontal and side impact tests. 
More specifically, none o f the CRS finite element models in the literature incorporated 
the nonlinear material properties o f all components o f a CRS and furthermore no models 
developed were applicable to both frontal and side impact events. The deformability of 
the child restraint is especially significant in side impacts. Finally, there is a lack of 
research dealing with countermeasures for the child restraint system in side impacts at 
present.
Base on the literature review, this research utilized experimental and numerical 
methods to study the injury risk o f the Hybrid III 3-year-old child dummy in frontal and 
side impact crashes. Frontal impact tests were completed in accordance with the vehicle 
safety standard CMVSS 208 and FMVSS 213. Mechanical testing was conducted to 
determine the material properties o f the polypropylene, the seatbelt and the foam pad of 
the child restraint system. A numerical model o f the CRS in forward-facing configuration 
was developed under the same vehicle test conditions. Compressive testing was 
performed on the side wings of the child seat and was simulated to validate the child seat
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finite element model. Numerical simulations o f frontal and side impacts were completed 
and the results were compared with the experimental findings.
Based upon the limitations associated with literature dealing with child safety 
during frontal and side crashes, this research proposes to focus on the following areas:
1. To develop and validate a deformable child seat model which may be used to 
simulate frontal and side crash events. The deformable child seat model will represent an 
improvement o f the previous model developed by Turchi [64],
2. To investigate the head and neck injury potential o f the Hybrid III 3-year-old 
child dummy in frontal and side crashes.
3. To propose countermeasures for child restraint systems in side impact events to 
attenuate head and neck injuries.
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4. EXPERIMENTAL TESTING AND NUMERICAL MODEL DEVELOPMENT
Experimental and numerical methods were used in this research to investigate the 
injury potential o f a Hybrid III 3-year-old child dummy in frontal and side impacts. 
Experimental testing was conducted using the child dummy seated in a forward-facing 
5 point harness child restraint system in accordance with vehicle safety standard 
CMVSS 208 and FMVSS 213. Numerical simulations o f frontal and side impacts were 
performed and the results were compared with the experimental data.
4.1 Experimental testing -  CMVSS 208 full vehicle test
The experimental vehicle crash test was carried out by Transport Canada at PMG 
Technologies vehicle crash testing and research center. A full width, rigid barrier, frontal 
crash test was completed in accordance with CMVSS 208. The vehicle used for the crash 
test was a 2004 Mitsubishi Lancer, four-door sedan having a test mass o f 1532 kg. 
Figure 44 illustrates the frontal and side view o f the Hybrid III dummy restrained in the 
five point restraining system. Three accelerometers were mounted to the vehicle, the first 
one was positioned at the center o f gravity o f the vehicle and the other two were fixed at 
the base o f the left and right B-Pillars respectively. The crash test was completed at an 
impact velocity o f 54.3 km/h (33.8 mph), in accordance with CMVSS 208 and the 
average magnitude of the acceleration pulse, measured by the three accelerometers 
mounted in the vehicle was depicted in Figure 45.
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Figure 44. Front (a) and side (b) view of the Hybrid III three-year-old child dummy 
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Figure 45. Vehicle average acceleration pulse.
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4.2 Experimental testing -  FMVSS 213 frontal dynamic sled test
Experimental sled test was completed at Graco Corporation’s sled testing facilities. 
The testing apparatus consisted o f a sled with an approximate mass o f 635 kg. The length 
of the rails which permit sled translation was measured to be 30.5 m. During a typical 
impact test, the sled was accelerated towards a fixed seismic mass using pneumatic 
pressure. The acceleration pulse experienced by the sled during the impact was controlled 
by a hydraulic damper at the front o f the sled. High speed digital cameras were fastened 
to either side o f the sled. An additional overhead high speed camera, which was not 
mounted to the sled, also acquired photos. Figure 46 illustrates the crash testing facilities 
which were used in the experimental portion o f this research. Frontal impact sled test was 
completed at a speed o f 41.7 km/h (25.9 mph) and the magnitude o f the acceleration 
pulse which the sled experienced in a direction opposite to the impact velocity is 
illustrated in Figure 47. Also presented in Figure 47 are the lower and upper limits of sled 
acceleration outlined in FMVSS 213.
Figure 46. Pneumatically powered sled test device.
61












0 20 40 60 80 100
Time (ms)
Figure 47. FMVSS 213 standard input acceleration versus time curve.
Hybrid III 3-year-old crash test dummies were used for both experimental tests. 
The sled test dummy contained three uni-axial accelerometers in the head and the chest, 
while the vehicle crash test dummy was equipped with tri-axial accelerometers positioned 
in the head and the spinal region and one uni-axial accelerometer in the chest. These 
accelerometers were set-up in such a way that they acquired data in the local x, y  and z 
coordinate systems for the specified regions. The coordinate systems followed the 
convention outlined in SAE J211 [65]. The accelerometers were rated for a capacity of 
2000 G’s and the sampling rate for each channel was 10 kHz. In addition to these 
accelerometers, the child dummy in the full vehicle test contained two multi-axial load 
cells within the neck and two bi-axial load cells within the shoulders. The load cells in the 
upper and lower neck region allowed data acquisition through six data channels to 
measure forces and moments in the local x, y  and z directions. For all instrumentation, the 
standard Hybrid III positive sign is defined as follows: the local z-axes are aligned from
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head to toes, the local y-axes point to the dummy's right, and the local x-axes are the cross 
products o f the local z- and y-axes. All high speed digital cameras used in both the sled 
and full vehicle crash tests sampled at a rate o f 1000 frame per second.
For both tests, the child dummy was positioned and restrained in a forward facing 
CRS, acquired from Graco Incorporation using a five point restraining system. For the 
sled tests, the CRS was secured to the LATCH system. Both lower and upper tethers of 
the LATCH system were fastened to the sled bench. For the vehicle crash test, the dummy 
was seated behind the passenger and was attached to the car seat using the LATCH 
anchorage system. A top tether was used as it provided better protection by limiting the 
child seat’s motion in a severe crash.
4.3 Experimental testing -  Side impact test in FMVSS 213 ANPRM
Side impact dynamic sled tests were conducted by NHTSA using the existing 
FMVSS 213 seat fixture oriented at both 90° and 45° relative to the motion of the sled 
buck. A 1/2 sine pulse and a scaled FMVSS 213 pulse were used in the tests and are 
shown in Figure 48 and Figure 49. All the tests were conducted at a test velocity of 
32 km/h (20 mph) and a peak acceleration o f 17 G ’s. A forward-facing Hybrid III 
3-year-old child dummy positioned in a child restraint seat with LATCH and the top 
tether in far side configuration was used in the tests.
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Figure 48. Half sine 90° pulse.
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Figure 49. Scaled FMVSS 213 pulse.
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4.4 Data extraction
The data acquired from the various experimental tests included were dependent 
upon the test configurations. Table 2 summarizes the data obtained in the CMVSS 208 
full vehicle test, the FMVSS 213 frontal dynamic sled test, and the series o f side impact 
sled tests completed by NHTSA. All data acquired from these tests were filtered in 
accordance with SAE J211 [65].
Table 2. Summary of data acquired from the experimental tests.
Test type Data acquired I
CMVSS 208 fall vehicle test
Head and chest accelerations 1 
Upper and lower neck forces and moments
FMVSS 213 frontal dynamic sled test Head and chest accelerations
ANPRM side impact tests
HICi5, HICuniimiied, chest accelerations 
Upper neck peak tension and peak compression
4.5 Numerical model development of the deformable seat
4.5.1 Hybrid III 3-year-old child dummy model
The numerical model o f the Hybrid III three-year-old dummy (version 2.3-2), 
which is illustrated in Figure 50, was provided by First Technology Safety Systems 
(FTSS). The dummy model consisted o f 12,172 elements and 11,698 nodes. The 
Hybrid III three-year-old dummy model is a completely deformable finite element model 
and detailed information of the child dummy can be found in reference [67]. The FE 
mesh was not altered and the default values for material and element formulations were 
used. The joint stiffness o f the neck of the child dummy model was decreased from 10000 
to 7000 to better predict experimental findings. The upper and lower arms o f the child 
dummy were rotated upwards 15° corresponding to the positioning o f the arms in the full 
vehicle test configuration. The positioning of the child dummy model into the CRS was 
completed using Finite Element Model Builder (FEMB) by a combination of nodal 
translations and nodal rotations until the child dummy was in a position as close as
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possible to what was believed to be the experimental position o f the Hybrid III dummy in 
the CRS .
Figure 50. Hybrid III 3-year-old child dummy model.
4.5.2 Modeling of the deformable child seat
The child safety seat, as well as all other components o f the numerical model 
including the seat buck, the CRS webbing and the CRS foam pad, was meshed using 
FEMB. The child seat was modeled using Computer Aided Design (CAD) surfaces 
provided by Century/Graco Corp. To appropriately model the elastic/plastic behaviour of 
the CRS, tensile testing was completed in accordance with ASTM E8M-01 [65] on 
specimens extracted from various portions o f the CRS to determine mechanical 
characteristics o f the CRS polypropylene material. Changes in the thickness o f panel 
sections from the CRS were investigated and measured with a Vernier caliper. It was 
observed that the various panel sections had thickness of 3.5 mm and 4.5 mm. Two 
different section properties were generated for the CRS, both incorporating the 
Belytschko-Tsay shell elements (shell element formulation number 2 in LS-DYNA) 
which were assigned thickness o f 3.5 mm and 4.5 mm for both regions o f the CRS. Fully
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integrated shell elements (shell element formulation number 16 in LS-DYNA) were also 
used to investigate the influence o f different element formulations on mechanical 
behaviour o f the numerical model. No obvious differences were observed from the 
simulation results, although the use o f element formulation number 2 saved considerable 
CPU time. An isotropic elastic-plastic material model within LS-DYNA which utilizes 
the Von Mises yield criterion was selected to model the material behaviour of the 
polypropylene. The material model *MAT_PIECEWISE_LINEAR_PLAST1CITY, which 
requires the density, Young’s modulus, Poisson’s ratio and a stress versus effective plastic 
strain relation through a series o f data points, was used for the CRS polypropylene. 
Values for the density, Young’s modulus, and Poisson’s ratio were 800 kg/m3, 0.842 GPa, 
and 0.3 respectively. As well a stress versus effective plastic strain curve obtained from 
the tensile testing results was assigned to the CRS material card. The mesh of the child 
seat was comprised o f 12,728 nodes and 13,379 shell elements, among which 11935 
elements were quadrilateral elements and 1444 elements were triangular elements. The 
final mesh of the deformable child safety seat is illustrated in Figure 51 and Figure 52.
z
(a) (b)
Figure 51. Front isometric view o f the deformable CRS.
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(a) (b)
Figure 52. Rear isometric views o f the deformable CRS.
4.5.3 Modeling of the seatbelt restraints
The seatbelt was modeled to pass through a series o f openings and channels o f the 
CRS and to fit around the Hybrid III 3-year-old dummy, which had the same 
configuration as in all experimental tests. A portion o f the seatbelt in the back o f the CRS 
was modeled using one dimensional seatbelt elements, and was connected to the frontal 
part of the seatbelt which had contact with the child dummy by nodal rigid bodies. The 
lower ends o f the three portions o f the seatbelt that passed through the child dummy’s 
crotch and wrapped around the child dummy’s legs were connected directly to the child 
safety seat as in the actual CRS. The initial positioning o f the seatbelt webbing was 
completed by ensuring that the distance between the webbing and the combination o f the 
child dummy and seatbelt restraints was no less than half the thickness o f the seatbelt 
webbing. For the contact between the one dimensional seatbelt elements and the CRS
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finite elements, the one dimensional seatbelt elements were initially located at the 
mid-plane o f the shell element associated with the CRS.
Experimental testing was completed to determine material properties of the 
seatbelt. A tensile test was completed on a hydraulic Tinius-Olsen testing machine at 
room temperature with an approximate crosshead speed o f 30 mm/min. A portion of the 
seatbelt webbing obtained from the CRS was fastened between the fixed and translating 
crossheads o f the testing machine. The tensile load was applied to the translating 
crosshead and the seatbelt elongated. In the middle o f the test, the tensile load was 
removed gradually and then was reapplied to the seatbelt. The test was completed after 
the material failure o f the seatbelt webbing. A force versus displacement curve with both 
loading and unloading phases o f the seatbelt webbing was obtained from the tensile test.
An isotropic elastic fabric material model within LS-DYNA was selected to model 
the material behaviour o f the seatbelt webbing. The material model *MAT_FABRIC, 
which requires the density, Young’s modulus, and Poisson’s ratio, was used for the 
seatbelt webbing. The density was calculated from a sample o f the seatbelt and was 
specified as 890.6 kg/m3. The Young’s modulus was calculated based upon experimental 
testing observations and determined to be 2.068 GPa. The value o f 0.3 was assigned to 
Poisson’s ratio o f the seatbelt. Element formulation number 9 (fully integrated 
Belytschko-Tsay membrane) was used for the shell elements o f the seatbelt. The webbing 
of the top tether and LATCH were modeled using one dimensional seatbelt elements. The 
material model *MAT_SEATBELT, which requires mass per unit length and stretch 
characteristics namely force versus engineering strain curves, was used for the seatbelt 
elements. Loading and unloading curves obtained from the tensile test were defined for 
the one dimensional seatbelt elements. *SECTION_SEATBELT was used to define the 
section properties o f the seatbelt elements.
The buckle in front o f the dummy’s chest was also considered and permitted 
motion o f the webbing through the buckle. The chest buckle was positioned so that the 
horizontal centerline o f the buckle was just below the armpits o f the child dummy. Three 
parts were created and assigned to the chest buckle to represent its different thickness. 
Furthermore the buckle at the waist o f the dummy was also considered and assumed that 
there was no relative movement between the buckle in the waist and the seatbelt, thus the
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nodes at the ends o f the waist buckle were merged with the nodes in the seatbelt. The 
material model and element formulation o f the buckles were identical to the CRS. 




Figure 53. The seatbelt, LATCH, top tether, and the five point restraint system.
4.5.4 Modeling of the foam pad
A foam pad, which was inserted in between the polypropylene shell and the seat 
fabric o f the CRS, was also incorporated into the FE model o f the CRS. The foam was 
modeled using a selectively reduced solid element formulation (solid element formulation
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number 2 in LS-DYNA). A highly compressible low density foam material model within 
LS-DYNA was selected to model the material behaviour of the foam pad. The material 
model *MAT_LOW_DENSITY_FOAM was used for solid elements. This material 
model is commonly used to simulate polymeric foams. Density and the stress/strain 
relationship for the foam were experimentally determined through a specimen extracted 
from a representative sample o f the foam under uni-axial compressive testing. Values for
■3
the density and elastic modulus o f the material were assigned as 50.2 kg/m , and 5.463 
MPa. The stress/strain curve (for the loading phase only) was also incorporated into the 
material model for the foam. Furthermore, the hysteretic unloading factor and shape 
factor required for this material model were specified as 0.1 and 5 respectively. This 
material model was obtained from Turchi [64] and the details o f the material model are 
attached in Appendix C. The mesh of the foam pad is shown in Figure 54.
Figure 54. The mesh o f the foam pad.
4.5.5 Modeling of the vehicle seat
Two parts were created in order to model the vehicle seat. The rigid car seat in the 
outside was modeled using shell elements, and the deformable car seat was modeled 
using solid elements. Element formulation for the solid elements was specified as type 1
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in LS-DYNA (constant stress solid element). *MAT_LOW_DENSITY_FOAM was used 
to represent material properties of the deformable car seat foam which had a thickness of 
120 mm. Density and the stress/strain relationship for the foam were calculated from the 
experimental results o f the compressive testing completed by Altenhof. Values for the 
density, and elastic modulus were specified as 50.2 kg/m3, and 5.463 MPa. The hysteretic 
unloading factor and shape factor required for this material model were specified as 0.1 
and 5 respectively. Details o f this material model are attached in the appendix. 
*MAT_RIGED was assigned to the non-deforming car seat to simulate the rigid sled 
bench. The two parts were connected using the keyword command 
*CONSTRAINED_EXTRA_NODES.
The complete FE model containing the child dummy, CRS, seat belt webbing, the 
waist and chest buckles, LATCH and the top tether, and the rigid and deformable vehicle 
seats is illustrated in Figure 55.
Figure 55. Complete FE model o f the deformable CRS.
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4.5.6 Basic setup of the simulation
Tightening of the front-adjusting harness strap was simulated to properly position 
the child dummy into the CRS from 0 to 40 ms. Preloads specified for LATCH and the 
top tether were 200 N and 90 N respectively, and preloads were assigned to the LATCH 
and the top tether in the first 40 ms of the simulation. An acceleration pulse with the 
magnitude/time history as observed from the experimental tests was prescribed to the 
rigid car seat in the global positive X-direction after tightening o f the harness strap was 
completed. No other motion o f the rigid car seat in the global Y or Z axes directions was 
permitted. The ends o f the top tether and LATCH were constrained to the rigid car seat 
using the keyword command *CONSTRAINED_EXTRA_NODES. A gravity force was 
applied to the whole system by using keyword *LOAD_BODY_Z.
Twenty-nine different contact algorithms were defined for modeling the contact 
between the child dummy and the CRS. The penalty method, which consists of placing 
normal interface springs between all penetrating nodes and the contact surface, was used 
for all the contact algorithms. Five types o f the contact algorithms, which were most 
important to the numerical model, are considered in details in this paragraph. Input for 
the contact definitions o f all the contact algorithms are shown in Appendix A. The contact 
algorithm *CONTACT_AUTOMATIC_NODES_TO_SURFACE was used for the 
contact between the one dimensional seatbelt elements and shell elements o f the CRS. 
The contact algorithm *CONTACT TIED_SURFACE_TO SURFACE OFFSET was 
used to simulate the contact between the foam pad and the CRS. The contact algorithm 
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE was used to simulate contact 
between the child dummy, CRS and the foam padding. The soft constraint option (pinball 
segment-based contact) was also utilized in this contact definition. The contact algorithm 
*CONTACT_AUTOMATIC_SINGLE_SURFACE was used for the sliding contact 
between the buckles and the seatbelt, and the contact algorithm 
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE was used for the contact 
between the buckles and the child dummy. The values for static and dynamic frictional 
coefficient were specified as 0.25 and 0.2 respectively for all contact algorithms 
involving the dummy, the CRS and seatbelt webbing.
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All the computer simulations were conducted using LS-DYNA on a personal 
computer with a dual 2.6 GHz AMD Athlon processor with 2 gigabytes o f random access 
memory (RAM). The double precision version o f LS-DYNA version 970 revision 5434a 
was used. A time step scale factor o f 0.25 was used to avoid numerical instabilities which 
were observed in trial simulations. Numerical instabilities such as inverted solid elements 
(negative volumes) were observed to occur in the model as a result o f inappropriate 
contact. The time step scale factor was reduced to 0.25 to counteract the effect of 
instability. The computational time for each simulation was approximately 80 hours.
4.6 Data extraction of the Hybrid III 3-year-old child dummy model
Child occupant injury data were extracted from the two types o f instrumentation 
that were found in the dummy model; accelerometers and load cells.
Tri-axial accelerometers were mounted at the head, chest and pelvis on the 
Hybrid III 3-year-old child dummy model. Three nodes were defined as accelerometers, 
and nodal acceleration data were stored in the nodout American Standard Cord for 
Information Interchange (ASCII) time history file.
Load cells were defined as zero length beams using material Type 66 (linear 
elastic discrete beam) elements in LS-DYNA. They acted as stiff translational and 
rotational springs (an accurate representation o f reality). Each load cell beam had a 
unique part, material and section ID. Each beam was located at the intersection o f the 
load cell's neutral axes. The LS-DYNA load cells provided all six output channels - three 
forces and three moments for the upper and lower neck o f the dummy. The output for the 
load cell beams was found in the elout ASCII time history file.
Due to the fact that human body parts respond to certain frequencies, standard 
SAE J211 was utilized to filter all the experimental and numerical data. A 2nd order 
butterworth filter was developed as specified in SAE J211 [65] for filtering all data. 
Details o f the numerical algorithms of SAE J211 are shown in Appendix B. The filters for 
dummy data channels prescribed by SAE J211 are listed in Table 3.
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Table 3. SAE J211 filters for child occupant injury data.
Injury data Data channel
Head Acceleration Class 1000
Neck Force Class 1000
I Neck Moment Class 600
Chest Acceleration Class 180
4.7 Injury parameters
4.7.1 Head injury criteria
Head injury criteria were required by the standard CMVSS 208 and FMVSS 213 
to calculate the head injury risks o f child occupants during vehicle crashes. Equation 1 
was used to determine the head injury criteria for the Hybrid III 3-year-old child dummy.
HIC  = 1 'I77 )a12 tx r e s u l t a n t •dt
2.5
if  2 ^1)
Where -  / 2 -L 2 -L 2^ r e s u l t a n t  —  " V  y
(1)
(2)
The resultant head accelerations in units o f G ’s were calculated using Equation 2 
where x, y and z-axes were the local coordinate system located in the head. FMVSS 213 
final rule stated that the time interval to calculate head injury criteria was 36 ms. Limiting 
the duration over which HIC is calculated to a maximum of 36 ms, while limiting HIC to 
1000, assures that the acceleration level o f the child’s head will not exceed 60 G’s for any 
period greater than 36 ms.
However, due to the experimental data that were available, a 15 ms time window 
(HIC 15) and an unrestricted time interval measurement (HICuniimited)> which maximized 
the HIC value, were also used for data comparison. The proposed HIC15 limit for Hybrid 
III 3-year-old child dummy is 570.
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4.7.2 Neck injury criteria
Neck injury criteria were required by the standard CMVSS 208 to calculate the 
neck injury risks o f child occupants during vehicle crashes. Equation 3 was used to 
determine the neck injury criteria for the Hybrid III 3-year-old child dummy.
N >,=




Since there is a lack o f knowledge about pediatric neck injury at this time, 
FMVSS 213 final rule did not incorporate the proposed Ny neck criteria, which was 
modified from the criteria in FMVSS 208. FMVSS 213 final rule likewise did not specify 
any neck tension limits.
However, neck injury criteria in FMVSS 208 were used to analyze the upper neck 
injury risk o f the Hybrid III 3-year-old child dummy. The shear force (Fx), axial force (Fz), 
and bending moment (My) were measured by the dummy’s upper neck load cells for the 
duration o f the crash event. During the event, the axial force (Fz) can be either in tension 
or compression while the bending moment (M^) can be in either flexion or extension. 
When calculating Ny using equation 3, the critical values for Fzc and MyC, are: Fzc = 
2120 N (477 lbf) when Fz is in tension, Fzc = 2120 N (477 lbf) when Fz is in compression, 
MyC = 68 N m (50 lbf ft) when a flexion moment exists, and M>r = 27 N m (20 lbf ft) when 
an extension moment exists. Ny values should not exceed 1.0 at any time during the event. 
The suggested neck tension and compression limits for the Hybrid III 3-year-old child 
dummy are 1130 N (254 lbf) for peak tension and 1380 N (310 lbf) for peak compression.
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5. EXPERIMENTAL AND NUMERICAL DATA COMPARISON
5.1 Finite element model validation
Finite element model verification was completed by comparing the numerical 
simulation results with the experimental findings in frontal and side impact tests.
Two experimental tests o f frontal impacts were conducted, the frontal full vehicle 
test and the frontal dynamic sled test. For the full vehicle test, the comparison was based 
on the data o f head and chest accelerations, upper and lower neck forces and moments, 
head injury criteria (HIC), and neck injury criteria (Ny). For the sled test, the comparison 
was based upon the data o f head and chest accelerations. The same numerical model was 
used for the two simulations, while two different acceleration pulses (CMVSS 208 and 
FMVSS 213) were assigned to the numerical model. The numerical simulation results 
from the previous simple child seat model developed by Turchi [64] were also 
incorporated into the data comparison.
Due to the fact that children’s bodies usually have a very high risk o f contacting 
the side structures o f the CRS during side crashes, a compressive test on the side wings of 
the CRS was performed to further verify the child seat finite element model. The force 
versus displacement curve was obtained from the test and was compared with the 
numerical results.
Since no injury data time history information was available from the experimental 
tests, the data comparison for side impact tests was based on the observations of HIC 
calculated over different time intervals, chest accelerations, and upper and lower neck 
compression and tension. The numerical simulation results from the previous child seat 
model developed by Turchi [64], which used a rigid material definition for the seat, was 
not included into the data comparison. Unrealistic interface forces between the child 
dummy’s body and the rigid seat were observed from the simulations. However, a 
comparison of both numerical models in both frontal and side impact will be completed.
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5.2 Finite element model validation of frontal impact tests
5.2.1 Finite element model validation of CMVSS 208 full vehicle test
Figure 56 illustrates kinematic experimental and numerical observations of the 
CMVSS 208 test. Images were taken at a similar increment o f time during the test. 
Numerical observations o f both the complex model and the simple model were 
incorporated into the comparison.
At Phase 1, the vehicle was moving at the test speed. The two numerical models 
were stationary at that moment. The complex model began to experience a seatbelt 
tightening event. The arms of the three dummies were in slightly different positions. At 
Phase 2, the vehicle hit the frontal barrier. The complex model finished the seatbelt 
tightening process and the simple model remained at the same state. Both numerical 
models and the vehicle started to experience the acceleration. At Phase 3, the bodies of 
the three dummies were moving forward and the arms began to move away form the 
torso. At Phase 4, as the acceleration pulse reached its climax, the heads o f the dummies 
had the largest forward movement relative to the child seats. Differences were observed 
in the positions o f the dummies' heads and upper bodies at that moment. In the 
experimental test, the neck and spine of the dummy rotated a significant amount and 
momentarily stayed in between the arms. In both o f the numerical simulations, there 
wasn't as much bending observed as in the experimental test. In the experimental test, 
there was an acute angle between the dummy’s torso and upper legs, while there was an 
obtuse angle in the numerical simulations. Several reasons could account for these 
deviations. Firstly, the stiflness o f the spine in the numerical model might be different 
from the stiffness in the test. Secondly, the material property o f the seatbelt might not be 
the same. Finally, there could be an effect o f slip during the test, while the slip was not 
represented in the numerical simulations. This suggested that the length o f seatbelt that 
actually constrained the child dummy could be changed during the experimental test. At 
Phase 5, the heads o f the dummies were returning to their positions in the CRS. It was 
observed that the dummy's head in the complex model was closer to the back of the seat 
than the other two. At Phase 6, the heads o f the three dummies contacted the back o f the 
child seats. The arms o f the dummies continued to rotate away from the torso. The limbs
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of the dummies were in slightly different positions. At Phase 7, the heads o f the dummies 
rebounded from the back of the CRS. Their arms reached their highest points. Generally, 
the images from the experimental and numerical tests were very similar.
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Figure 56. Numerical and experimental observations o f the full vehicle test.
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5.2.1.1 Head acceleration in the local jc direction
Figure 57 shows the experimental and numerical results o f the child dummy’s 
head accelerations in the local x  direction as a function o f time. All the data were filtered 
using standard SAE J211 [65]. For all instrumentation, the standard Hybrid III positive 
sign is defined as follows: the local z-axes are aligned from head to toes, the local y-axes 
point to the dummy's right, and the local x-axes are the cross products o f the local z- and 
y-axes.
In all further discussions, the numerical model developed by Turchi [64] will be 
referred to as the simple model, while the numerical model developed in this research will 
be referred to as the complex model.
The acceleration responses from both numerical models correlated closely with 
the experimental results in the first 140 ms. All three acceleration responses reached their 
maximum negative values at approximately 80 ms, although the complex model 
predicted injury potential in the x direction better than the simple model in terms of peak 
values of the curves.
After 140 ms, it was observed that each o f the three acceleration responses had a 
spike with positive values. The spikes were generated as a result o f the child dummy 
falling back into the seat and the head contacting the back of the CRS. However, the 
spikes of the numerical models occurred earlier than the spike in the experimental test. 
The possible reason for this time difference might be due to the different material 
properties o f the seatbelt and the rest o f the CRS were not exactly the same as the real 
CRS, specifically in the unloading phase. Therefore, more energy was absorbed by the 
seatbelt and the CRS in the real test so that the process o f child dummy falling back into 
the seat was postponed, and the magnitude o f the spike was lower as well. The slippage 
of the seatbelt and the unknown damping factors, which were not included in the model, 
also might have contributed to the time difference.
It was also observed that after 140 ms, the spike o f the simple model occurred 
later than the spike o f the complex model. This could be explained that seatbelt tightening 
was not incorporated into the simple model, which resulted in more slack between the 
seatbelt and the child dummy in the simulation. The incident o f the child dummy’ head 
contacting the back of the CRS was delayed by the slack in the simply model. There was
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another spike in the complex model at approximately 190 ms, which was the result o f the 
child dummy’s arms moving up and hitting the head o f the dummy. A similar spike would 
also be seen in the acceleration response o f the simple model if  the simulation ran enough 
time.
Base on the fact that children are most likely injured in frontal crashes by 
excessive accelerations and forces generated when their heads move forward relative to 
the CRS, and the fact that the spike caused by the head contacting the back o f the CRS 
are normally not an important factor to child occupant injuries, we can keep the 
difference between experimental and numerical findings (after 140 ms) in perspective at 
the present time. However, more detailed and more realistic material properties of the 
seatbelt in unloading phase and some damping factors that are unknown right now can be 
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Figure 57. Experimental and numerical head accelerations in the local x  direction.
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5.2.1.2 Head acceleration in the locals direction
Figure 58 illustrates the head accelerations o f the child dummy in the local y  
direction. All three acceleration responses oscillated along the abscissa in the time 
domain. The values o f the curves were very close to zero despite the spikes in the test and 
complex model, which were the result of the child dummy’s arms hitting its head. The 
contact caused similar magnitude o f accelerations but happened at different time.
—■— Experimental testing 
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Figure 58. Experimental and numerical head accelerations in the local y  directions.
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5.2.1.3 Head acceleration in the local z direction
Figure 59 illustrates the head accelerations o f the child dummy in the local z 
direction. Both acceleration responses o f the numerical simulations under predicted the 
peak value in the experimental test. The simple model reached the maximum acceleration 
at the similar time to the real test while the curve o f the complex model was closer to the 
experimental data after they reached the peak accelerations. As mentioned in the previous 
sections, two spikes were observed from the complex model at approximately 145 ms and 
190 ms respectively due to the effect o f the dummy’s head contacting the back of the seat 
and the dummy’s arms hitting the dummy’s head.
—■— Experimental testing 
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Figure 59. Experimental and numerical head accelerations in the local z directions.
84
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5.2.1.4 Chest acceleration in the local x  direction
Figure 60 illustrates the chest accelerations o f the child dummy in the local jc 
direction. The experimental and numerical data o f the chest accelerations in the local x 
direction were similar but experienced miner differences in minimum values and the time 
to the minimum accelerations. After approximately 120 ms, both models and 
experimental test illustrated the torso of the dummy returning to the CRS, which had an 
effect on the chest acceleration responses in the local x  direction. The time for the contact 
between the dummy’s chest and the back of the seat was 245 ms, 170 ms, and 130 ms for 
the experimental test, the simple model, and the complex model respectively, due to the 
maximum acceleration observations in the chest acceleration versus time histories.
—■— Experimental testing 
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Figure 60. Experimental and numerical chest accelerations in the local x directions.
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5.2.1.5 Resultant upper neck forces
Figure 61 illustrates the resultant upper neck forces o f the child dummy as a 
function o f time during the crash. Both numerical models and the experimental 
observations illustrate peak forces at approximately 70 ms. However the maximum 
resultant load for each test varies. For the complex model, the response o f the resultant 
upper neck force illustrated a secondary rise as in the aforementioned accelerations 
responses at approximately 140 ms. The second and third spikes were a result o f contact 
between the child dummy and the CRS.
2000 I
—■— Experimental testing 
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Figure 61. Experimental and numerical resultant upper neck forces.
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5.2.1.6 Resultant lower neck forces
Both numerical models over predicted the resultant lower neck forces compared to 
the experimental results as illustrated in Figure 62. The complex model was closer to the 
experimental findings in the first 40 ms but the resultant force response o f the simple 
model reached its maximum value at approximate the same time as the real test (60 ms).
1400
—■— Experimental testing 
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Figure 62. Experimental and numerical resultant lower neck forces.
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5.2.1.7 Resultant upper neck moments
The experimental test, the simple model, and complex model illustrated 
differences in the time to reach maximum upper neck moments as presented in Figure 63. 
The time to reach the peak values were 40 ms, 70 ms and 80 ms respectively. In terms of 
peak moments prior to 140 ms, the complex model better predicted experimental results. 
As in the case o f previous observations, the contact between the child dummy and the 
CRS accounted for the two spikes in the responses o f the complex model at 
approximately 150 ms and 190 ms.
—■— Experimental testing 











160 200 24040 1200 80
Time (ms)
Figure 63. Experimental and numerical resultant upper neck moments.
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5.2.1.8 Resultant lower neck moments
As presented in Figure 64, both o f the numerical models correlated well with the 
experimental findings but different peak values o f the resultant moments for the lower 
neck were observed at about 70 ms. The complex model over predicted the lower neck 
moments o f the child dummy by 40 N m, while the simple model had a higher peak 
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Figure 64. Experimental and numerical resultant lower neck moments.
89
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5.2.1.9 Head injury criteria (HIC)
Figure 65 and Figure 66 illustrated the HIC of the child dummy calculated over 
15 ms and 36 ms time duration respectively. All the HIC values were under the limits for 
the Hybrid III 3-year-old child dummy stated in CMVSS 208. It was also observed that 
the complex model gave better predictions to the experimental HIC values compared to 
the simple model. The secondary spike of the head accelerations caused by the contact 
between the dummy’s head and the CRS also had an influence on the HIC responses, but 
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Figure 65. Head injury criteria (HIC15).
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Figure 66. Head injury criteria (HIC36).
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5.2.1.10 Neck injury criteria (Ny)
The simulation predictions o f the Njj for both numerical models were in good 
agreement to the experimental observations as presented in Figure 67 for the upper nick 
and Figure 68 for the lower neck. One notable difference was that the time to peak values 
of Njj was delayed by nearly 30 ms in both numerical simulations. The maximum upper 
neck Nij values from the test and simulations were all close to the critical value o f unity. 
The spike at 150 ms in the complex model was the result of excessive upper neck forces 
the child dummy experienced when the head contacted the back o f the CRS during the 
simulation, which was also observed in the experimental test and in the simple model 
except with much lower values at different times.
2.0
—■— Experimental testing 
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Figure 67. Upper neck injury criteria.
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Despite the fact that the Ny and other limits specified in CMVSS 208 are used to 
evaluate the upper neck injury risk o f the Hybrid III 3-year-old child dummy, equation (3) 
was also used to calculate lower neck injury for the dummy. It was observed that the peak 
values o f the Ny for the lower neck for all three testing configurations resulted in Ny 
values which exceeded unity.
3.0
—■— Experimental testing 
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Figure 68. Lower neck injury criteria.
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5.2.1.11 Summary of the experimental and numerical results of the full vehicle test
A summary of the maximum or minimum values o f the experimental and 
numerical data is shown in Table 4.
Table 4. Summary of the peak values o f experimental and numerical results from
CMVSS 208 test.





Head accelerations in x  direction (G’s) -49.85 -36.62 -48.67
Head accelerations in z direction (G’s) 56.34 40.58 38.26
Resultant head accelerations (G’s) 62.84 48.92 60.91
Chest accelerations in x  direction (G’s) -40.82 -42.31 -46.65
Resultant upper neck forces (N) 1681.6 1534.0 1958.4
Resultant lower neck forces (N) 1023.7 1230.8 1302.3
Resultant upper neck moments (Nm) 15.92 30.04 20.83
Resultant lower neck moments (N m) 122.41 138.83 162.23
HIC.s 336.95 204.88 355.56
h ic 36 615.85 372.47 471.44
Upper neck Ny 1.00 0.91 1.03
Lower neck Ny 1.92 2.15 2.43
An acceptable agreement between the numerical simulation results and the 
experimental findings showed the numerical models’ ability to predict the kinematics and 
kinetics which the Hybrid III 3-year-old child dummy experienced in full vehicle crash 
test. Head and chest accelerations of the child dummy were well predicted by both of the 
numerical models, especially in the first 140 ms. Upper and lower neck forces were over 
predicted by the complex model by approximately 16 percent and 27 percent respectively. 
Similarly for the upper and lower neck moments the complex model over predicted 
experimental findings by approximately 30 percent and 32 percent respectively. Table 4 
and Figure 57 to Figure 68 illustrated incorporation o f the CRS allowed for acceptable 
predictions o f the child dummy kinematic and kinetic responses in a full vehicle crash.
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Most especially the dummy response in the time interval o f zero to 140 ms is well 
predicted by numerical simulations. It is in this time duration when neck trauma occurs.
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5.2.2 Finite element model validation of FMVSS 213 sled test
5.2.2.1 Head acceleration in the local x  direction
Figure 69 shows the experimental and numerical results o f the child dummy’s 
head accelerations in the local x direction as a function of time. All three responses of 
head accelerations in x  direction reached their lowest values at approximately 60 ms. 
There were differences in the peak accelerations at this instant o f time for each testing 
approach. Head accelerations were over predicted by the complex model. The spikes in 
the curves o f numerical simulations after 120 ms were caused by the child dummy’s head 
moving back and contacting the back of the CRS. The magnitude o f the spikes showed 
the deformability o f the CRS included by the complex model allowed more energy 
absorption during the impact.
—■— Experimental testing 
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Figure 69. Experimental and numerical head accelerations in the local x  direction.
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5.2.2.2 Head acceleration in the local z direction
Figure 70 shows the experimental and numerical results o f the child dummy’s 
head accelerations in the local z direction as a function of time. Numerical predictions of 
the head accelerations in local z direction showed a good agreement to the experimental 
findings before 120 ms. Three acceleration responses reached the peak accelerations at 
roughly 40 ms with similar maximum values. No experimental data were collected after 
140 ms.
40
—■— Experimental testing 
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Figure 70. Experimental and numerical head accelerations in the local z direction.
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5.2.2.3 Chest acceleration in the local jc direction
Figure 71 shows the experimental and numerical results o f the child dummy’s 
chest accelerations in the local x  direction as a function of time. There were two major 
differences between the results from the complex model and data from the other two tests. 
Both the experimental test and the simple model reached their peak accelerations at about 
20 ms, while the complex model predicted the peak chest acceleration in the local x 
direction at roughly 44 ms. The acceleration response from the complex model had a 
peak value o f 42 g ’s, while both the experimental and the simple model reached the peak 
accelerations o f 62 g ’s. It was stated in the previous sections that there was no seatbelt 
tightening in the simple model so that the slack of the seatbelt existed in the simulation. 
Therefore, one possible explanation to this situation was that there was also a similar 
slack of the seatbelt in the experimental test.
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Figure 71. Experimental and numerical chest accelerations in the local x  direction.
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5.2.2.4 Chest acceleration in the local z direction
Figure 72 shows the experimental and numerical results o f the child dummy’s 
chest acceleration in the local z direction as a function o f time. The acceleration response 
from the complex model had a peak value of 18 g ’s, while both the experimental and the 
simple model reached the peak accelerations of approximately 40 g’s. Both the 
experimental test and the simple model reached their peak accelerations at approximately 
20 ms, while the peak chest acceleration in the local x direction predicted by the complex 
model was delayed.
—■— Experimental testing 













Figure 72. Experimental and numerical chest accelerations in the local z direction.
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5.2.2.5 Summary of the experimental and numerical results of the sled test
A summary of the maximum or minimum values o f the experimental and 
numerical data is shown in Table 5.
Table 5. Summary of the peak values o f experimental and numerical results from
FMVSS 213 test.





Head accelerations in x  direction (G’s) -22.54 -30.77 -45.28
Head accelerations in z direction (G’s) 30.45 31.69 31.54
Chest accelerations in x  direction (G’s) -62.74 -61.33 -42.11
Chest accelerations in z direction (G’s) -40.11 -37.79 -17.72
The data in Table 5 and Figure 69 to Figure 72 illustrated that the numerical 
simulation results from the simple model had a good agreement to the experimental 
findings but simulation results from the complex model had two notable differences with 
the test data; peak accelerations and the time to reach the maximum or minimum values.
It was known that there was no seatbelt tightening in the simple model. Therefore, 
the similarity o f the numerical results from the simple model to the experimental findings 
could be explained that there was a similar amount o f slack between the seatbelt and the 
child dummy in the experimental test as well. The slack allowed the dummy’s chest to 
have more forward movement relative to the CRS when the body o f the child dummy 
experienced the acceleration pulse. The fact that the seatbelt failed to hold back the 
dummy at the beginning o f the crash also resulted in the less severe predicted head 
accelerations o f the child dummy. Table 4 and Table 5 both showed that for the simple 
model, the magnitude o f head accelerations in the local x direction was much smaller than 
the magnitude o f chest accelerations in the local x direction, which was opposite to the 
data in most of the frontal crash cases where the child dummy was properly restrained.
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5.3 Finite element model validation of the compressive test
5.3.1 The objective and procedure of the compressive test
The next step o f this research was to validate the numerical model with data from 
side impact tests. During side impact events, there is a great possibility for child 
occupants’ bodies to have direct contact with the side structures o f the child restraints 
such that the deformability o f the CRS will have a major impact on child injuries. Hence, 
a compressive test was conducted on the side wings o f the CRS to obtain the mechanical 
behaviour o f the CRS. A numerical simulation was completed under similar test 
conditions and the numerical model validation was based on the data comparison o f the 
force versus displacement responses from the experimental and numerical tests. Data 
comparison also helped justify the option of only using the complex model in side impact 
simulations.
The compressive test was completed on a hydraulic Tinius-Olsen testing machine 
at room temperature. The CRS was placed on a translating crosshead o f the compression 
testing machine such that the lateral direction o f the CRS was parallel to the direction of 
translation o f the moving crosshead. An extra wood block was placed under the CRS so 
that the seat could keep its balance during the test and the forces could evenly pass 
through the wood block to the moving crosshead. A fixed crosshead was located above 
the CRS to the extent that the fixed crosshead contacted one side wing of the CRS 
without generating any initial forces or any deformation from the seat. The load cell used 
to measure the compressive force had a range o f 150 kN. Displacement was measured 
using a linear voltage differential transformer (LVDT) with a range o f 150 mm. A 
personal computer equipped with data acquisition software was used to record the 
measurements from the load cell and the LVDT at a sampling rate o f 60 Hz. The nominal 
speed o f the translating crosshead was approximately 15 mm/min. At this testing speed, it 
was considered acceptable to evaluate the crush behaviour as quasi-static deformation. In 
the loading phase o f the test, the side wings o f the CRS deformed gradually as the 
translating crosshead traveled approximately 140 mm vertically. The side wing contacting 
the fixed crosshead had more local deformation than the other side wing due to reduced 
contact areas o f the rigid testing platform. In the unloading phase o f the test, the CRS
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returned to its former shape and no significant permanent deformation was observed from 
the seat after the test. A force versus displacement curve with both loading and unloading 
phases o f the CRS was obtained from the compressive test. The testing configuration is 
illustrated in Figure 73 and Figure 74.
Figure 73. Isometric view of the compressive test.
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Figure 74. Back view of the compressive test.
5.3.2 Finite element modeling of the compressive test
The numerical model o f the compressive test was simulated under similar testing 
conditions. The geometry o f the Tinius-Olsen testing machine was measured and used in 
the finite element model construction. *MAT_RIGED was used for all the components of 
Tinius-Olsen testing machine. Figure 75 illustrates all entities associated with the 
numerical model o f the compressive test.
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LS-DYNA U SER INPUT
Figure 75. Isometric view of the numerical model of the compressive test.
A prescribed displacement o f 140 mm was assigned to the fixed crosshead, which 
could translate in z direction. The other parts o f the testing machine were constrained in 
all directions. The keyword *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE 
was used for all contact algorithms.
The termination time o f the simulation was 20 minutes. Given that the test was 
considered to be a quasi-static process, a static analysis was completed. The keyword 
*CONTROL_IMPLICIT_GENERAL was used to activate the implicit solver in 
LS-DYNA. Values for the displacement convergence tolerance and energy convergence 
tolerance were 0.010 and 0.15 respectively. Approximate 400 steps were utilized in the 
side crushing simulation o f the CRS.
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5.3.3 Finite element model validation of the compressive test
A comparison of the numerical and experimental results for the side crushing of 
the CRS illustrated good predictive capabilities o f the FE model. However one noticeable 
difference in the numerical model was the over predictions o f permanent deformation 
associated with the CRS.
Figure 76 illustrates the force versus displacement curves from experimental and 
numerical tests.
4000










Figure 76. Force versus displacement curves o f the compressive test.
Two differences between the experimental test and numerical simulation that 
could be factors to the deviation o f the responses were variations in test configurations 
and the material property o f polypropylene CRS. The configurations o f the two tests were 
not exactly the same, especially the location of the fixed crosshead where compressive 
force was applied, which could significantly affect the way the CRS deformed. The
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difference in material properties, especially in the unloading phase, was observed at the 
end of the simulation. The CRS model did not restore itself to its original shape, while no 
significant permanent deformation was noted in the experimental test.
Despite the differences mentioned above, the finite element model o f the CRS 
illustrated good predictive capabilities to the experimental results. In general, the 
maximum relative movement o f the two side wings o f the CRS in the lateral directions 
for most side impact simulations was observed to be no greater than 60 mm. In fact, in 
most side impact cases only one side wing would have a large amount o f  deformation. It 
was observed in Figure 76 that forces from the experimental test and numerical model 
were very close when the displacement was within the range o f 60 mm.
5.4 Finite element model validation of side impact tests
Finite element model validation o f side impact tests was completed by comparing 
HIC values, chest accelerations, and upper neck peak compression and tension from the 
experimental and numerical tests. Experimental findings of side impact tests without top 
tether, which were considered to be conducted in the similar testing configurations, were 
also included into the data comparison. Injury data recorded during the side impact tests 
are shown in Table 6 and taken from reference [6].
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Table 6. Summary of experimental testing observations for side impact at 45° and 90° [6].
Test
No.







1 1/2 sine - 45° 122 226 29.1 963 318
2 1/2 sine - 45° 150 255 31.8 419 950
3 1/2 sine - 45° - no tether 122 268 26.4 493 436
4 1/2 sine - 45° - no tether 131 240 27.9 430 698
5 1/2 sine - 90° 76 160 23.8 253 670
6 1/2 sine - 90° 107 159 23.3 600 985
7 1/2 sine - 90° - no tether 99 200 23.8 113 643
8 1/2 sine - 90° - no tether 93 170 25.9 316 861
9 Scaled 21 3 -9 0 ° 67 135 21.3 278 876
10
Scaled2 1 3 - 9 0 ° -no  
tether
71 168 24.1 322 678
Three side impact simulations were completed for data comparison, (i) using the 
half sine acceleration pulse with the seat oriented at 90° relative to the motion o f the sled, 
(ii) using the half sine acceleration pulse with the seat oriented at 45° relative to the 
motion o f the sled, and (iii) using a scaled FMVSS 213 acceleration pulse with the seat 
oriented at 90° relative to the motion of the sled. The accelerations versus time history 
were presented in Figures 48 and 49 in chapter 4. A comparison o f HIC values (calculated 
using a 15 ms, 36 ms, and unlimited time interval), chest accelerations, upper neck peak 
compression loads, and upper neck peak tension loads from the experimental and 
numerical tests are presented in Figure 77, Figure 78 and Figure 79. Tables calculating 
the numerical values o f the experimental and numerical results are presented in 
Appendix D.
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Peak compression Peak tension
1/2 sine - 45°, test 1 
1/2 sine - 45°, test 2 
1/2 sine - 45° - no tether, test 1 
1/2 sine - 45° - no tether, test 2 
1/2 sine - 45°, Numerical simulation
(c)
Figure 77. Experimental and numerical observations o f (a) HIC values (b) upper neck 
compression and tension (c) chest accelerations from side impact tests (1/2 sine - 45°).
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Peak compression Peak tension
1/2 sine - 90°, test 1 
1/2 sine -90°, test 2 
1/2 sine - 90° - no tether, test 1 
1/2 sine - 90° - no tether, test 2 
1/2 sine -90°, Numerical simulation
(c)
Figure 78. Experimental and numerical observations o f (a) HIC values (b) upper neck 
compression and tension (c) chest accelerations from side impact tests (1/2 sine - 90°).
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Peak compression Peak tensionunlim ited










10 Scaled 213-90°, test 1 
Scaled 213 - 90° - no tether, test 1 
Scaled 213 -90°, Numerical simulation
(C)
Figure 79. Experimental and numerical observations o f (a) HIC values (b) upper neck 
compression and tension (c) chest accelerations from side impact tests (Scaled 213 - 90°).
An examination of Figures 77, 78, and 79 indicated that the results from the 
numerical simulations over predicted, under predicted, and fell in the upper and lower 
values o f experimental testing results. However, a significant scatter in observations for 
all experimental tests was also evident. The numerical simulation predictions presented in 
Figure 77 on average differed from experimental testing by approximately 40.3 percent, 
39.7 percent, 36.7 percent, 73.3 percent, and 25.7 percent for H I C 1 5 , H I C uniimited, peak 
compression, peak tension and chest acceleration respectively. The numerical simulation 
predictions presented in Figure 78 on average differed from experimental testing by 
approximately 31.2 percent, 29.5 percent, 24.8 percent, 69.7 percent, and 52.5 percent for 
H I C  1 5 , H IC un iim ited , peak compression, peak tension and chest acceleration respectively.
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The numerical simulation predictions presented in Figure 79 on average differed from 
experimental testing by approximately 3 6 . 2  percent, 0 . 3  percent, 9.8 percent, 6 1  percent, 
and 3 0 . 0  percent for H I C 1 5 , H IC un iim ited , peak compression, peak tension and chest 
acceleration respectively. These discrepancies might be the results o f different initial 
positions o f the child dummy and different child restraints used. Specific details within 
the experimental tests such as child dummy positions were not completely revealed in 
FMVSS 2 1 3  ANPRM [ 6 ] ,  thus it was difficult to use the exact same test configurations in 
the simulations.
Figure 80 (a) illustrates the numerical kinematic observations from this research 
and Figure 80 (b) illustrates experimental observations o f  a side impact test completed in 
a similar condition [13] to the numerical simulation. Both tests were considered far side 
impact tests, in which seating position was on the opposite side from the point of impact. 
At the moment the images were taken, the two child restraints had their utmost lateral 
displacement in the impacts. For both cases the heads o f the dummies illustrated lateral 
and forward motions relative to the CRS and were in contact with the wings of the CRS. 
It was observed that the back of the seat had less lateral movement in the simulation than 
in the experimental test. Overall, the kinematic responses of the child dummies and the 
child restraints in both the experimental and numerical side impact tests were 
comparable.
mmmmmmteMM&k* 
t t j S B 't r . t f E C B . J t f  - - ~ u.mm
Bi£isac-«t -- 1 1
r -- 'aaa8««sfs»i8iisia8ŝM§«8BIS823ISlSSmi5J!g
■ H B B N a v n f B M B B E B B
B M B P lB  « ~ - 8
BBIilMiil.*
£ W ig £ es B & i£ it £* & :a 18 w «§ r
B M M ttB ttN IX fS a S S E S iH fr f l fc i
B B S B B B B R B B B K K Iiifc ia ttM C iS
«RBIRI«MCawnB]JB!lMBKaSKlllU&<
B B tt f tB i i f l i i a M u s K a iB B a x iM E t
i! \
mm**..-
s & B S te f
■■salBSil
K a r a i s a a B
m s s  a s m s  £8 S3 £3
(a) (b)
Figure 80. (a) Numerical and (b) experimental [13] observations o f side impact tests.
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5.5 Comparison between the simple and complex models in side impact
Side impact simulations using the simple model and the complex model under the 
same acceleration pulse were investigated. Contact forces between the child dummy and 
the seat from both simulations were compared. The results presented in Figure 81 
illustrated that the head, arm, whole body forces between the child dummy and CRS 
during side impact were much higher for the simple model. Large spikes were observed 
in the simple model for a very short duration o f time, while the contact forces between 
the child dummy and the deformable seat varied gradually without rapidly changing 
values. The unrealistic forces in the simple model would have a great impact on the child 
occupant injuries during side impacts. Moreover, in the simple model the CRS was 
constrained to translate only in the global y direction, but the movement o f the CRS and 
the relative movement between the child dummy and the CRS are much more complex in 
the real world side crashes. As presented in Figure 80, the complex model acceptably 
predicted the kinematics o f the CRS and child dummy compared to the real crash 
observations.
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Figure 81. Forces between the dummy and the seat: (a) Head and the CRS (from simple 
model) (b) Head and the CRS (from complex model) (c) Arms and the CRS (from simple 
model) (d) Arms and the CRS (from simple model) (e) Whole body and the CRS.
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A further study was conducted to compare the kinematics o f the child dummy 
during side impact tests observed in the two numerical models. Images were taken with 
same time increment and are shown in Figure 82. It was observed that under the same 
acceleration pulse the kinematic responses of the child dummy along with the CRS were 
greatly different between the simple and complex models. A quicker response of the child 
dummy was observed for the simple model. Furthermore, the deformability o f the CRS 
influenced the global lateral displacement o f the child dummy.
Specifically, for the simple model the head o f the dummy only experienced lateral 
motion relative to the CRS, while lateral and forward motion o f the dummy’s head was 
observed in the complex model. At the end of the simulation, the child dummy rebounded 
from one side o f the deformable CRS to the other side o f the CRS. However, the rebound 
of the child dummy was not very obvious in the simple model.
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Figure 82. Observations o f the numerical side impact simulations for both the complex
and simple models.
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6. COUNTERMEASURE DEVELOPMENT FOR SIDE IMPACT CRASHES
6.1 Suggested CRS modification for improved protection of children in side crashes
There are a considerable number o f uncertainties in vehicle crash and child injury 
mechanisms for side impacts at the present time, which may inhibit the development o f a 
novel device to significantly reduce the possibility o f injury. In this research, the use of 
energy absorbing foams as a method to attenuate injuries in side impact has been 
investigated.
Modification to the original CRS was completed. Addition o f a low density 
polymeric energy absorbing foam applied through the entire length o f both side wings 
was considered. Figure 83 depicts the modified CRS with the additional side foam 
padding with uniform thickness o f 20 mm. Material characteristics were identical to the 
padding on the back o f the CRS as taken from Turchi [64]. Figure 1 -  C in Appendix C 
illustrates the engineering stress versus engineering strain response of the material and 
the energy absorption characteristics (as a result o f the hysteretic unloading response). 
The foam was modeled using solid elements with element formulation number 2. The 
1/2 sine - 90° side impact test was selected to investigate the injury attenuation 
possibilities with the application o f the energy absorbing foam. The keyword 
*CONTACT_TIED_SURFACE_TO_SURFACE_ID_OFFSET was used for modeling 
the contact between the foam and the wings. Numerical simulations were completed and 
a summary of HIC values and chest accelerations is shown in Table 7. Ny values were not 
calculated as no critical normalization factors exist for side impact crashes.
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LS-DYNA U S E R  INPU T
Foam padding
Figure 83. Child restraint seat model with foam padding.
Table 7. Numerical comparisons o f side impact tests with and without the foam padding.
Numerical simulations
Injury parameters
h i c 15 HIC36 Chest Accel. (G’s)
1/2 sine - 90° 123 216 36.9
1/2 sine - 90° with foam 74 136 29.5
It was observed that HIC values decreased approximately 40 percent and chest 
accelerations decreased approximately 20 percent when the child dummy was protected 
with energy absorbing foam during side impacts. These results suggest that foam padding 
may be very effective in reducing the injury potential o f the children in side impacts.
Further studies were conducted to confine the lateral movement o f the dummy’s 
head by adding more energy absorbing foam in the region of the CRS where the child’s 
head may come into contact with during side impacts. It was expected that during side
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crashes the dummy’s head would immediately contact the energy absorbing foam and the 
deformation of the foam would help to reduce the injury parameters even further. Foam 
blocks were added on the previous foam padding. The nodes between the two volumes of 
foam were merged. The same material property and element formulation were assigned to 
the additional foam. The model with foam blocks in the head region o f the CRS is shown 
in Figure 84.
Additional foam block
LS-DYNA U S E R  INPUT
Figure 84. Child restraint seat model with foam blocks.
A parametric study was conducted to investigate the effect o f foam stress versus 
strain response on the injury risk o f the child dummy. A simulation was completed with 
an unaltered stress versus strain response for the polymeric foam. Two further 
simulations with the stress scaled by factors o f two and five were completed. The results 
of HIC values and chest accelerations are summarized in Table 8. The contact forces 
between the head and the additional foam blocks are shown in Figure 85.
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HIC,5 HIC36 Chest Accel. (G’s)
Without foam padding 123 216 36.9
1 Foam padding 74 136 29.5
1 Foam padding + foam blocks (scale factor = 1) 74 130 36.2
Foam padding + foam blocks (scale factor = 2) 76 139 38.5
Foam padding + foam blocks (scale factor = 5) 91 123 35.9
Data in the table showed that adding extra foam blocks did not necessarily reduce 
the likelihood o f injury for the children positioned in the far side configuration. The HIC 
values and chest accelerations remained at approximately the same level. Illustration of 
the kinematic response as presented in Figure 86 showed that although the use o f a stiffer 
foam block resulted in less lateral displacement o f the dummy’s head, the overall 
kinematic responses o f the dummies were very similar to the one without foam blocks. 
These testing conditions were only applicable to far side crashes. It is expected that for 
near side crash conditions the improvement in any parameters might be much more 
significant due to contact between the vehicle interior and the CRS. The deformation of 
the foam blocks would prevent the head from direct contact with the vehicle door and as 
a result, the child might have a better chance to survive in a near side crash condition.
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Figure 85. Contact forces between the head and the foam blocks.
It was noted from Figure 85 that despite the fact that the injury parameters for the 
three simulations were approximately equal, contact forces between the head and the 
foam blocks increased as the stress versus strain response o f the foam blocks increased. 
Since stress changes did not affect the injury risk o f the child dummy in this study, the 
foam blocks with original stress versus strain response, which had the lowest interface 
forces, represented a more appropriate material to attenuate injuries in side crashes.
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(a) (b) (c)
Figure 86. Kinematic responses o f the child dummies (a) without foam padding (b) with 
foam padding (c) with foam padding and foam blocks
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7. CONCLUSIONS AND FUTURE WORK
7.1 Conclusions for frontal impact tests
A fully deformable finite element model o f a CRS was developed to investigate 
the injury potential o f the Hybrid III three-year-old child dummy. A comparison was 
carried out between the numerical simulations and the experimental tests in accordance 
with CMVSS 208 and FMVSS 213 from which the following conclusions could be 
drawn:
1. An acceptable agreement between the simulation results and the experimental 
findings showed the numerical models’ capability to predict injury potential of the child 
dummy in the frontal crash tests. Some differences observed between the numerical 
simulation data and experimental findings were the result o f different pre-test setups, 
such as the slack between the dummy and the seatbelt.
2. For the CMVSS 208 full vehicle test, head and chest accelerations were well 
predicted by the complex CRS model, especially in the first 140 ms. Data from both the 
complex model and the experimental test showed that during the impact the child 
dummy’s head would experience a resultant peak acceleration o f approximately 60 G ’s, 
which was very close to the acceleration limit for child occupant head injuries. A 
percentage error o f 3 percent was observed for the resultant head acceleration. The peak 
chest accelerations in the local x direction were 40.82 G ’s and 46.65 G ’s for the 
experimental test and the complex model respectively. A percentage error o f 14 percent 
was observed for the chest acceleration in the local x direction.
3. For the CMVSS 208 full vehicle test, HIC values calculated over 15 ms and 
36 ms time durations were 356 and 471, which had percentage errors o f 6 percent and 23 
percent respectively. HIC 15 and HIC36 were both well below the critical values of 570 and 
1000 that were stated in CMVSS 208.
4. Upper and lower neck forces were over predicted by the complex model by 
approximately 16 percent and 27 percent respectively. Similarly for the upper and lower 
neck moments the complex model over predicted experimental findings by approximately 
30 percent and 32 percent respectively, which probably caused by the differences in
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material properties o f the seatbelt and the stiffness o f the dummy’s spine between the 
numerical models and experimental tests.
5. The peak values o f upper Njj obtained from the experimental test and the 
complex model, which were 1.001 and 1.030 respectively, were very close to the critical 
value o f unity for the dummy’s upper neck.
6. For the FMVSS 213 sled test, it was observed that the numerical simulation 
results from the simple model had a good agreement to the experimental findings due to 
the similarities in their pre-test setup.
7.2 Conclusions for side impact tests
1. The deformable model was used to investigate the injury potential o f the 
Hybrid III 3-year-old child dummy in side impact crashes. The results from the 
compressive test on side wings o f the CRS and side impact simulations showed that 
compared with the simple rigid model, the complex model was more realistic in 
predicting mechanical behaviours o f the CRS in side impacts. It was observed that for the 
compressive test when the displacement was within the range o f 60 mm, the forces from 
the simulation had a percentage error o f approximately 25 percent. A comparison of side 
impact simulation results from the simple and complex model showed that the contact 
force between the child dummy’s body and the CRS in the simple model was more than 
50 percent higher than forces in the complex model.
2. Side impact data comparisons were conducted between the simulation results 
from the complex model and experimental findings in standard FMVSS 213 ANPRM [6], 
It was observed that for the numerical simulations head injury criteria values, chest 
accelerations, and upper neck peak compression and peak tension were normally close to 
the experimental test data.
3. The use o f energy absorbing foams as a method to attenuate injuries in side 
impact has been investigated. It was observed from the simulation results that foam 
padding was effective in reducing the head and chest injury potential o f the child dummy 
in side crashes by approximately 40 and 20 percent respectively.
4. Further studies were conducted to confine lateral movement o f the dummy’s 
head by adding more energy absorbing foam blocks in the head region o f the CRS. It was
123
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
observed that with the extra foam blocks HIC values and chest accelerations remained at 
approximately the same level.
7.3 Future work
Future work in this area may include comparing the effects o f different anchorage 
systems such as the rigid attachment ISOFIX and vehicle seatbelts on injury parameters 
of the child dummy, more detailed material property o f the seatbelt, and validating the 
child seat model using the finite element model o f a 3-year-old child.
With the available frontal impact tests data from NCAP, data comparison can be 
completed to evaluate the performance of different CRS in frontal crashes. Based on the 
injury potential o f the child dummies with different child restraints, suggestions can be 
made on the current CRS designs to better protect children in vehicle crashes.
Since the current study is only a starting point to investigate child injury potential 
in side impact crashes, more thorough crash test data will be required to further validate 
the CRS finite element model for side impacts. Moreover, In-depth studies can be done 
on the child injury mechanisms in near side seating configurations with vehicle intrusions. 
Since no injury criteria are stated in FMVSS for child injury in side impacts, some critical 
values and injury criteria especially for the neck can be suggested to better interpret the 
injury data obtained from the experimental and numerical tests.
Different material properties can be incorporated into the study of the 
countermeasure development for side impacts so that the optimized material is used for 
child occupant protections. More studies can be conducted on energy absorbing foams 
with more complex geometry that accommodates the child better in the CRS and maybe 
gives the child a head rest.
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APPENDIX A -  Contact Types
Contact algorithms defined for the CRS model are listed below:




$ -----+ --------1 ---------+ --------2 --------+ ------3 ---------+ -------- 4 ----
* CONTACT_AUTOMATI C_S INGLE_SURFACE_ID
$ a CRS MODEL
4 ------- + -------- 5 ._
CONTACT CARDS
 5 - -
- 6 ------- + -------- 7-
- -  + -------6 --------+ -------- 7 - -
s CID
1 2 0 2 3
$ SSID MS ID SSTYP MSTYP SBOXID MBOXID SPR MPR
1 5 2 0 0 1 9 0 2 0 0
$ FS FD DC VC VDC PENCHK BT DT




. 0 0 0 0 E + 2 0
$ SFS SFM SST MST SFST SFMT FSF VSF
1 . 0 1 . 0
Oo oo
1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
0 0 . 1 0 1 .0 2 5 0 . 0 to o 1 0 0 1
*CONTACT_AUTOMATIC_NODES_TO_SURFACE_ID 
$ A SEATBELT SHELL ELEMENTS AND THE CRS
$ CID
1 2 0 2 4
$ SSID MSID SSTYP MSTYP SBOXID MBOXID SPR
1 5 2 0 0 6 9 1 5 2 0 0 1 9 4 2 0
$ FS FD DC VC VDC PENCHK BT
0 .9 0 0 .9 0 0  . 0 0  . 0 0 . 0 0 0  . 0 1
$ SFS SFM SST MST SFST SFMT FSF
3 0 .0 9 0 .0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT
0 0 . 1 0 1 .0 2 5 0 . 0 2  . 0 0
*CONTACT_AUTOMATIC_NODES_TO_SURFACE_ID
$ a1D SEATBELT ELEMENTS (PART LATCH) AND THE CRS
$ CID
1 2 0 2 5
$ SSID MSID SSTYP MSTYP SBOXID MBOXID SPR
1 5 2 0 0 2 2 1 5 2 0 0 1 9 4 2 0
$ FS FD DC VC VDC PENCHK BT
0 .9 0 0 .9 0 0 . 0 0 . 0 0 . 0 0 0 . 0 1
$ SFS SFM SST MST SFST SFMT FSF
5 0 .0 1 5 0  . 0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT
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*CONTACT_AUTOMATIC_NODES_TO_SURFACE_ID
$ '1 D  SEATBELT ELEMENTS (PART TOPJTET) AND THE R IG ID  VEHICLE SEAT 
$ CID
1 2 0 2 6
$ SSID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
1 5 2 0 0 2 3 13 4 3 0 0
$ FS FD DC VC VDC PENCHK BT DT
0 .4 0 0 .4 0 0 . 0 0 . 0 0 . 0 0 0 . 0 1 . 0 0 0 0 E + 2 3
$ SFS SFM SST MST SFST SFMT FSF VSF
5 0 .0 1 0 0 . 0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
0 0 . 1 0 1 .0 2 5 0 . 0 2 . 0 0 1
* CONTACT_T I  ED_SURFACE_TO_SURFACE__ID_OFFSET
$'FOAM PADDING AND THE CRS
$ CID
1 2 0 2 7
$ S SID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
1 5 2 0 0 1 9 1 5 2 0 0 1 1 2 0 0 0
$ FS FD DC VC VDC PENCHK BT DT
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 0 . 0 1 ,. 0 0 0 0 E + 2 3
$ SFS SFM SST MST SFST SFMT FSF VSF
1 . 0 1 . 0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
2 0 .3 0 1 .  025 0 . 0 2 . 0 0 1
* CONTACT_AUTOMAT I  C_SURFACE_TO_SURFACE_I D
$''FOAM PADDING AND THE CHILD DUMMY
$ CID
1 2 0 2 8
$ S SID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
26 1 5 2 0 0 1 8 3 2 0 0
$ FS FD DC VC VDC PENCHK BT DT
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 0  . 0 1 . 0 0 0 0 E + 2 0
$ SFS SFM SST MST SFST SFMT FSF VSF
1 . 0 0 . 1 0  . 0 0 . 0 1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
2 0 . 1 0 1 . 025 0 . 0 3 . 0 0 1
* CONTACT_AUTOMAT I  C_NODES_TO_SURFACE_ID
S''LOCAL CONTACT BETWEEN THE SEATBELT SHELL ELEMENTS AND THE CRS
$ CID
1 2 0 2 9
$ SSID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
1 5 2 0 0 5 2 1 5 2 0 0 1 9 4 2 0 0
$ FS FD DC VC VDC PENCHK BT DT
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 0  . 0 1 . 0 0 0 0 E + 2 3
$ SFS SFM SST MST SFST SFMT FSF VSF
5 0 .0 12  .5 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
0 0 . 1 0 1 .0 2 5 0 . 0 2 . 0 0 1
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*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ID 
$ ATHE CHILD DUMMY AND THE CRS
$ CID
1 2 0 3 0
$ SSID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
1 5 2 0 0 1 8 1 5 2 0 0 1 9 2 2 0 0
$ FS FD DC VC VDC PENCHK BT DT




. 0 0 0 0 E + 2 0
$ SFS SFM SST MST SFST SFMT FSF VSF
0 . 2 0 . 2
oO oo
1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
2 0 . 1 0 1 . 025
oo
3 .0 0 1
* CONTACT_AUTOMAT I  C_S I  NGLE_SURFACE_I D 
$ a SEATBELT SHELL ELEMENTS AND TWO CLASPS 
$ CID
1 2 0 3 1
$ S SID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
1 5 2 0 0 2 0 0 2 0 0
$ FS FD DC VC VDC PENCHK BT DT
0 . 2 0 0 . 2 0 0 . 0 0 . 0 0 . 0 0 0 . 0 1 . 0 0 0 0 E + 2 0
$ SFS SFM SST MST SFST SFMT FSF VSF
50 . 0 50 . 0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
0 0 . 1 0 1 .0 2 5 0 . 0 2 . 0 1 0 0 1
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ID
$ ASEATBLET, TWO CLASPS AND THE CHILD DUMMY
$ CID
1 2 0 3 2
$ SSID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
1 5 2 0 0 2 0 1 5 2 0 0 1 8 2 2 0 0
$ FS FD DC VC VDC PENCHK BT DT
0 .4 0 0 .4 0 0 . 0 0 . 0 0 . 0 0 0 . 0 1 ,. 0 0 0 0 E + 2 3
$ SFS SFM SST MST SFST SFMT FSF VSF
0 .0 7 0 . 2 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
2 0 . 1 0 1 .0 2 5 0 . 0 3 .0 1 0 0 1
* CONTACT_AUTOMAT I  C_N0DE S_TO_SURFACE_I D
$ ATOP_TETHER AND THE CRS
$ CID
1 2 0 3 3
$ S SID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
1 5 2 0 0 2 3 1 5 2 0 0 1 9 4 2 0 0
$ FS FD DC VC VDC PENCHK BT DT
0 .9 5 0 .9 0 0 . 0 0 . 0 0 . 0 0 0 . 0 1 . 0 0 0 0 E + 2 3
$ SFS SFM SST MST SFST SFMT FSF VSF
50 . 0 1 5 0  . 0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
0 0 . 1 0 1 .0 2 5 0 . 0 2 . 0 0 1
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♦CONTACT AUTOMATIC NODES TO_SURFACE_ID
$^THE SEATBOTTOM AND THE DEFORMABLE VEHICLE SEAT
$ CID
1 2 0 3 4
$ SSID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
1 5 2 0 0 5 3 1 5 2 0 0 1 5 4 0 0 0
$ FS FD DC VC VDC PENCHK BT DT
0 . 2 0 0  . 10 0 . 0 0 . 0 0 . 0 0 0  . 0 1 . 0 0 0 0 E + 2 3
$ SFS SFM SST MST SFST SFMT FSF VSF
1 0  . 0 1 5 0 .0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
0 0  . 10 1 .0 2 5 0 . 0 2  . 0 0 1
♦CONTACT AUTOMATIC NODES TO SURFACE ID
$ ATHE STANDBOTTOM AND THE DEFORMABLE VEHICLE SEAT
$ CID
1 2 0 3 5
$ S SID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
1 5 2 0 0 1 5 1 5 2 0 0 1 5 4 0 0 0
$ FS FD DC VC VDC PENCHK BT DT
0 .9 0 . 9 0 . 0 0 . 0 0 . 0 0 0  . 0 1 . 0 0 0 0 E + 2 3
$ SFS SFM SST MST SFST SFMT FSF VSF
1 0 . 0 1 5 0  . 0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
0 0  . 10 1 .0 2 5 0 . 0 2 . 0 0 1
♦ CONTACT_AUTOMAT I  C_NODE S_TO_SURFACE_ID
$ ATHE SEATBACK AND THE DEFORMABLE VEHICLE SEAT
$ CID
1 2 0 3 6
$ S SID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
1 5 2 0 0 5 9 1 5 2 0 0 1 5 4 0 0 0
$ FS FD DC VC VDC PENCHK BT DT
0 . 2 0 0 . 1 0 0 . 0 0  . 0 0 . 0 0 0 . 0 1 ., 0 0 0 0 E + 2 3
$ SFS SFM SST MST SFST SFMT FSF VSF
1 0 . 0 1 5 0 .0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
0 0  .1 0 1 .0 2 5 0 . 0 2 . 0 0 1
♦CONTACT_AUTOMATIC_NODES_TO_SURFACE_ID
$ ''LOCAL CONTACT BETWEEN THE SEATBELT AND THE SEAT
$ CID
1 2 0 3 7
$ S SID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
1 5 2 0 0 5 2 1 5 2 0 0 1 9 4 2 0 0
$ FS FD DC VC VDC PENCHK BT DT
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 0 . 0 1 . 0000E + 2 3
$ SFS SFM SST MST SFST SFMT FSF VSF
1 0 . 0 1 . 0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
0 0 . 1 0 1 .0 2 5 0  . 0 2 . 0 0 1
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♦CONTACT AUTOMATIC NODES TO SURFACE ID
$ ''‘LOCAL CONTACT BETWEEN THE SEATBELT SHELL ELEMENTS AND THE CRS
$ CID
1 2 0 3 8
$ SSID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
1 5 2 0 0 5 6 1 5 2 0 0 1 4 4 0 0 0
$ FS FD DC VC VDC PENCHK BT DT
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 0 . 0 1 . 0 0 0 0 E + 2 3
$ SFS SFM SST MST SFST SFMT FSF VSF
5 0 .0 1 . 0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
0 0 . 1 0 1 .0 2 5 0 . 0 2 . 0 0 1
* CONTACT_AUTOMAT I  C_NODE S_TO_SURFACE_I D
$ ATOP_TETHER AND THE DEFORMABLE VEHICLE SEAT
$ CID
1 2 0 3 9
$ SSID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
1 5 2 0 0 2 3 1 5 2 0 0 1 5 4 0 0 0
$ FS FD DC VC VDC PENCHK BT DT
0 . 2 0 0 . 1 0 0 . 0 0 . 0 0 . 0 0 0 . 0 1 . 0 0 0 0 E + 2 3
$ SFS SFM SST MST SFST SFMT FSF VSF
1 . 0 1 5 0 .0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
0 0 . 1 0 1 .0 2 5 0 . 0 2 . 0 0 1
* CONTACT_AUTOMATIC_NODES_TO_SURFACE_ID
$ A‘THE SEATBACK AND THE R IG ID  VEHICLE SEAT
$ CID
1 2 0 4 0
$ SSID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
1 5 2 0 0 5 9 13 4 3 0 0
$ FS FD DC VC VDC PENCHK BT DT
0 .4 0 0 .4 0 0 . 0 0 . 0 0 . 0 0 0 . 0 1 . 0 0 0 0 E + 2 3
$ SFS SFM SST MST SFST SFMT FSF VSF
1 0 0 . 0 1 0 . 0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ




1 2 0 4 1
$ SSID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
1 5 2 0 0 2 2 1 5 2 0 0 2 3 2 2 0 0
$ FS FD DC VC VDC PENCHK BT DT
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 0 . 0 1 . 0 0 0 0 E + 2 3
$ SFS SFM SST MST SFST SFMT FSF VSF
1 . 0 1 . 0 0  . 0 0 . 0 1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
0 0 . 1 0 1 .0 2 5 0  . 0 2 . 0 1 0 0 1
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* CONTACT AUTOMATIC SURFACE TO SURFACE ID
$ ' t h e  c h il d DUMMY'S HEAD TO THE CHILD DUMMY1 S ARMS
$ CID
1 2 0 4 2
$ S SID MSID SSTYP MSTYP SBOXID MBOXID SPR
1 5 2 0 0 2 5 1 5 2 0 0 2 6 2 2 0
$ FS FD DC VC VDC PENCHK BT
0 .5 0 .5 0 . 0 0 . 0 0 . 0 0 0 . 0 1
$ SFS SFM SST MST SFST SFMT FSF
1 . 0 1 . 0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT
0 0 . 1 0 1 .0 2 5 0 . 0 2 . 0 0
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ID
$''THE CHILD DUMMY'S RIGHT ARMS
$ CID
1 2 0 4 3
$ SSID MSID SSTYP MSTYP SBOXID MBOXID SPR
1 5 2 0 0 2 7 1 5 2 0 0 2 8 2 2 0
$ FS FD DC VC VDC PENCHK BT
0 . 6 0 .5 0 . 0 0 . 0 0 . 0 0 0 . 0 1
$ SFS SFM SST MST SFST SFMT FSF
1 . 0 1 . 0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT
0 0 . 1 0 1 .0 2 5 0 . 0 2 . 0 0
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ID
$ 'TH E CHILD DUMMY'S LEFT ARMS
$ CID
1 2 0 4 4
$ SSID MSID SSTYP MSTYP SBOXID MBOXID SPR
1 5 2 0 0 2 9 1 5 2 0 0 3 0 2 2 0
$ FS FD DC VC VDC PENCHK BT
0 . 6 0 .5 0  . 0 0  . 0 0 . 0 0 0 . 0 1
$ SFS SFM SST MST SFST SFMT FSF
1 . 0 1 . 0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT
0 0  . 10 1 .0 2 5 0 . 0 2 . 0 0
*1CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ID
$ 'TH E CHILD DUMMY'S HEADi AND THE SEAT
$ CID
1 2 0 4 5
$ S SID MSID SSTYP MSTYP SBOXID MBOXID SPR
1 5 2 0 0 2 5 1 5 2 0 0 1 9 2 2 0
$ FS FD DC VC VDC PENCHK BT
0 .4 0 .4 0 . 0 0 . 0 0 . 0 0 0 . 0 1
$ SFS SFM SST MST SFST SFMT FSF
1 . 0 1 . 0 0  . 0 0  . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT
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* CONT ACT_AUTOMAT I  C_SURF ACE_TO_SURF ACE_ID 






* CONTACT_AUTOMAT I  C_SURFACE_TO_SURFACE_ID 
$*THE CHILD DUMMY'S TORSO AND THE CRS
CID
1 2 0 4 6
SSID MSID SSTYP MSTYP SBOXID MBOXID
1 5 2 0 0 2 6 1 5 2 0 0 1 9 2 2
FS FD DC VC VDC PENCHK
0 .4 0 .4
Oo Oo oo
0
SFS SFM SST MST SFST SFMT
1 . 0 1 . 0
Oo oo 1 . 0 1 . 0
SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH



















1 2 0 4 7
$ S SID  
1 5 2 0 0 3 1
MSID







$ FS FD DC VC VDC PENCHK BT
0 .4 0 .4 0 . 0 0 . 0 0 . 0 0 0 . 0 1
$ SFS SFM SST MST SFST SFMT FSF
1 . 0 1 . 0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT
0 0 .1 0  1 .0 2 5  
* CONTACT_AUTOMATI C_SURFACE_TO_SURFACE_ID 
$ ATHE CHILD DUMMY'S RIGHT LEG AND THE CRS
0 . 0 2  . 0 0
$ CID 
1 2 0 4 8
$ SSID  
1 5 2 0 0 2 2
MSID







$ FS FD DC VC VDC PENCHK BT
0 .4 0 .4 0 . 0 0 . 0 0 . 0 0 0 . 0 1
$ SFS SFM SST MST SFST SFMT FSF
1 . 0 1 . 0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT
0 0 .1 0  1 .0 2 5  
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ID 
$ a THE CHILD DUMMY'S LEFT LEG AND THE CRS
0 . 0 2 . 0 0
$ CID 
1 2 0 4 9
$ S SID  
1 5 2 0 0 2 3
MSID







$ FS FD DC VC VDC PENCHK BT
0 .4 0 .4 0 . 0 0 . 0 0 . 0 0 0 . 0 1
$ SFS SFM SST MST SFST SFMT FSF
1 . 0 1 . 0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT
0 0 . 1 0 1 .0 2 5 0 . 0
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*CONTACT_TIED_SURFACE_TO_SURFACE_ID_OFFSET 
$ 'S ID E  WINGS AND THE CRS
$ CID
1 2 0 5 0
$ SSID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
1 5 2 0 0 1 7 1 5 2 0 0 1 9 0 2 0 0
$ FS FD DC VC VDC PENCHK BT DT
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 0 . 0 1 . 0 0 0 0 E + 2 3
$ SFS SFM SST MST SFST SFMT FSF VSF
1 0 0 . 0 1 0 . 0 0 . 0 0 . 0 1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
0 0 . 1 1 .0 2 5 0 . 0 2 . 0 0 1
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ID
$''S ID E  WINGS AND THE CHILD DUMMY
$ CID
1 2 0 5 1
$ SSID MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
29 1 5 2 0 0 1 8 3 2 0 0
$ FS FD DC VC VDC PENCHK BT DT
0  . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 0  . 0 1 . 0 0 0 0 E + 2 0
$ SFS SFM SST MST SFST SFMT FSF VSF
1 . 0 0 . 1 0  . 0 0  . 0 1 . 0 1 . 0 1 . 0 1 . 0
$ SOFT SOFSCL LCIDAB MAXPAR SBOPT DEPTH BSORT FRCFRQ
2 0 . 1 0 1 .0 2 5 0 . 0 3 . 0 0 1
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APPENDIX B -  Numerical Algorithms
The following are numerical algorithms that were employed using MathCAD 
software in order to calculate HIC, Nij, and all average values with respect to time. Also, 
the numerical algorithm for the SAE J211 2nd order Butterworth filter that was used to 
filter the experimental and numerical raw data. The numerical algorithms were developed 
by W. Altenhof.
1. Head Injury Criteria Algorithm
points <— rows (a) 
5t <- t2 -  tj
num <— floor
^Sty
rad p0jnts <— points -  num 
for j e 1.. end points




(a. , + a.j
V 1+1 >/ C . \
" J - 1 g li+1 i)
2 -t 7
th.
t . - 1 ft, -endpoints-num 1 . \ 1







2. Neck Injury Criteria
NIQF,M) := for i e 1.. rows(F)
Fzc. <- if(F. > 0- N, 2120 N, -2120 Nj
Myc. <— if(M. > 0-N-m,68-N-m,-27-N-mj
F. M.
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3. Average Calculation
Average (x,y) := n <— rows(x)
n-2
a <-------- 1------ V
V 2 - * 2 mf 2 21
y + y .Y(x -  x Jm m-1/ \m  m- .)
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4. SAE J211 2nd Order Butterworth Filter
S AEJ211(t, A cc, CFQ  := n l <— rows(t) 
sum <- O s 
for i e  1.. n l -  1
Dt. +- t. . -  t. i i+I i
sum <- sum + Dt.
T <-
sum
n l -  1 
w d <- 2-TC-CFG2.0775
COS W J —
v d 2
lo*
1.0+ \fl-w + w,
a. y <— 2 a o 
a 2 <- a 0
b j <- -2- ( Wa2-Q
(l + V2w. 
-1 + V2*wa-
filter 1̂  <— 0  g 
filter 1 ^  <— 0  g 
filter2j < -  0  g 
filter^  <- O g
j end "1 -  2 
for J e  ^ 1 end
filterl. <- a n Acc. + a . Acc. , + a r A cc. - + b i-filterl. , + b r  filterl. „ 
J  u  J  1  J - 1  1  J - 2  1  j - 1  2  j - 2
for j e  3..
filterl 1. <- filterl. .. .
" J  Jend-(J-l)
for j e3"iend
filter2. <- a n-filterl 1. + a > -filterl 1. + a r  filterl 1. + b ,-filter2. , + Ij u -  j l -  j-i Z — j-2 1 j-1
for
filter2 1. <— filter2.
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APPENDIX C -  Material Models and Sample Input Data from LS-DYNA
This section describes in brief detail the material characteristics for the 
polypropylene CRS, the seatbelt, and the foam pad.
1. Material and section properties o f the polypropylene CRS
Table 1 - C. Material properties o f the polypropylene CRS
Material property Values
Density 800 kg/m3
Young’s modulus 0.842 GPa
Poisson’s ratio 0.3
$ MATERIAL CARDS UNITS : MM, KG, MSEC, KN $
$ - - - + — i — +■
*MAT_PIECEWISE _LINEAR_ PLA STIC ITY
$ AM -212512
$ MID RO E PR SIGY ETAN FA IL TDEL
2 1 2 5 1 2 0 .0 0 0 0 0 0 8 0 0 . 842 0 .3 0  0..0 0 8 7 6 4 4
I—1oo . 0 0 0 0 E + 2 1 0  . 0
$ c P LCSS LCSR VP
0  . 0 0 . 0 1 2 0 0 6 .0 0 . 0 0 . 0
$ EPS1 EPS2 EPS3 EPS4 EPS5 E PS6 EPS7 EPS8
0  . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
$ E S I ES2 ES3 ES4 ES5 ES6 ES7 ES8
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0  . 0 0  . 0 0 . 0
*SECTION_SHELL
$ SECID ELFORM SHRF N IP PROPT Q R /IR ID I  COMP SETYP
2 1 2 4 8 2 2 1 . 0 2 0 . 0 0 . 0 0 1
$ T1 T2 T3 T4 NLOC MAREA
3 .5 3 . 5 3 .5 3 .5 0 0 . 0
*SECTION_SHELL
$ SECID ELFORM SHRF N IP PROPT Q R /IR ID I  COMP SETYP
2 1 2 4 8 4 2 1 . 0 2 0 . 0 0 . 0 0 1
$ T1 T2 T3 T4 NLOC MAREA
4 . 5 4 . 5 4 . 5 4 .5 0 0 . 0
*DEFINE_CURVE
$ a SEAT
$ LCID SID R SFA SFO OFFA OFFO DATTYP
1 2 0 0 6 0 1 . 0 1 . 0 0 . 0 0 . 0 0
$ A1 0 1
0  . 0 0 .0 0 8 7 6 4 4 3 4
.0 0 1 3 8 2 0 0 7  
.0 0 2 8 5 5 8 2 6  
0 .0 0 5 0  
.0 0 7 8 1 4 5 2 8  
0 .0 1 1 2 9 9 4 1  
0 .0 1 5 4 5 4 6 5  
0 .0 2 0 2 8 0 2 4  
0 .0 2 5 7 7 6 1 9  
0 .0 3 1 9 4 2 5
0 3 8 7 7 9 1 5  
0 4 6 2 8 6 1 7  
0 5 4 4 6 3 5 4  
0 6 3 3 1 1 2 6  
0 7 2 8 2 9 3 4  
0 8 3 0 1 7 7 7  
0 9 3 8 7 6 5 6  
0 .1 0 5 4 0 5 7  
0 .1 1 7 6 0 5 2  
0 .1 3 0 4 7 5 1
0 .0 1 0 0 0 7 3 3  
0 .0 1 1 3 0 7 3 5  
0 .0 1 2 5 0 8 5 6  
0 .0 1 3 5 5 0 2 7  
0 .0 1 4 4 1 5 3 7  
0 .0 1 5 1 3 3 6 4  
0 .0 1 5 7 5 4 2 1  
0 .0 1 6 3 0 8 5 2  
0 .0 1 6 7 9 4 5 5  
0 .0 1 7 1 9 4 9 5  
0 .0 1 7 5 1 0 2 6  
0 .0 1 7 7 6 9 1 9  
0 .0 1 7 9 9 6 4 9  
0 .0 1 8 1 7 4 2 5  
0 .0 1 8 2 7 2 2 8  
0 .0 1 8 3 5 1 8 2  
0 .0 1 8 5 3 0 0 2  
0 .0 1 8 5 8 8 4 6  
0 .0 1 8 7 1 5 2 8
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2. Material and section properties of the seatbelt shell elements
Table 2 - C. Material properties of the seatbelt shell elements
Material property Values
Density 890.6 kg/nri
Young’s modulus 2.068 GPa
Poisson’s ratio 0.3
$ ------ 1-------- 1 --------- b-------2 --------- 1-------- 3 --------- 1-------- 4  b 5 --------+ --------6 --------- b------- 7 --------- b-------8
$ MATERIAL CARDS UNITS : MM. KG. MSEC. KN
$ - - - + — i - - - - -  + ------- 2 - -----+ --------3 ------ -  + -------4-
*MAT_FABRIC 
$ aMAT0166 
$ MID RO EA EB
2 1 2 4 9 4 8 . 9 0 6 0 E -0 7 2  . 068 0 . 0
$ GAB GBC GCA GSE
0 . 0 0  . 0 0 . 0 0 . 0
$ AOPT FLC FAC ELA
0 . 0 0  . 0 0 . 0 0 . 0
$ BLANK BLANK BLANK A1
$ V I V2 V3 D1
*SECTION_SHELL 
$ SECID ELFORM SHRF N IP
2 1 2 4 8 2 2 1 . 0 2
$ T1 T2 T3 T4
3 .5 3 . 5 3 . 5 3 .5
-----5 - --- + -----6- -----+ --------7 ------ - + ------- 8
EC PRBA PRCA PRCB
0 . 0 0 .3 0 0 . 0 0 . 0
EL PRL LRATIO DAMP
0  . 0 0 . 0 0 . 0 0 . 2 0
LNRC FORM FVOPT TSRFAC
0  . 0 0 . 0
A2 A3
D2 D3 BETA
PROPT Q R /IR ID I  COMP SETYP
0 . 0 0 . 0 0 1
NLOC MAREA
0 0 . 0
3. Material and section properties o f the one dimensional seatbelt elements
$ -----+ -------- 1 ---------+ -------2 ---------+ ------- 3 - - -
$ MATERIAL CARDS
$ - - -  + ------------ ! -------------- + -----------2 --------------+ ----------- 3 . . .
*MAT_SEATBELT
$ aM -21 2 5 1 6
$ MID MPUL LLCID
2 1 2 5 1 6  0 .0 0 0 0 4 0  1 2 0 0 9
*SECTION_SEATBELT 
$ SECID
2 1 2 4 8 3  
*DEFINE_CURVE 
$ aLCUR_LOAD
$ LCID SID R SFA















0 .1 9 2
SFA
1.0
- + --------4 ---------+ ------- 5 ------- + -------- 6 -------+ -
UNITS : MM, KG, MSEC, KN 
.  + -----------4------------ + ---------- 5---------- + ------------6----------+  .
ULCID LMIN
1 2 0 1 8  0 . 0
- - - 8
$









0 . 0 
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4. Material and section properties of the foam
Table 3 - C. Material properties of the foam
1 Material property Values 1
Density 50.2 kg/W
Young’s modulus 5.463 MPa
Poisson’s ratio 0.3
$ - - -  + -------1 --------+ -------- 2 -------+ ---------3 -
$ MATERIAL CARDS
$ - - -  + -------1 --------+ -------- 2 -------+ ---------3 -
* MAT_LOW_DEN S ITY_FOAM 
$*MAT0168
$ MID RO E
2 1 2 5 1 1 5 .0 1 7 0 E -0 8  0 .0 0 5 4 6 3
$ SHAPE FA IL  BVFLAG
5 .0
*SECTION_SOLID
$ SECID ELFORM AET
2 1 2 4 8 1  2 0
- - 4 ------- + -------- 5 ------- + ------- 6 -------- + ------- 7 -
UNITS : MM, KG, MSEC, KN 







0 . 1 0
KCON
BETA 













0.0 0.2 0.4 0.6 0.8
Engineering strain (mm/mm)
Figure 1 -  C. Engineering stress versus engineering strain response o f the polymeric
energy absorbing foam
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 2 ------- + -------- 3 -
MATERIAL CARDS
- 4 -------- + ------- 5 ------- + ------- 6  + -
UNITS : MM, KG, MSEC, KN







0 . 0  
0 1 3 2 6 5 3 1  
0 2 6 5 3 0 6 1  
0 3 9 7 9 5 9 2  
0 5 3 0 6 1 2 2  
0 6 6 3 2 6 5 3  
0 7 9 5 9 1 8 4  
0 9 2 8 5 7 1 4  
1 0 6 1 2 2 4  
1 1 9 3 8 7 8  
1 3 2 6 5 3 1  
1 4 5 9 1 8 4  
1 5 9 1 8 3 7  
0 .1 7 2 4 4 9
1 8 5 7 1 4 3  
1 9 8 9 7 9 6  
2 1 2 2 4 4 9  
2 2 5 5 1 0 2  
2 3 8 7 7 5 5  
2 5 2 0 4 0 8  
2 6 5 3 0 6 1  
2 7 8 5 7 1 4  
2 9 1 8 3 6 7  
3 0 5 1 0 2 1  
3 1 8 3 6 7 4  
3 3 1 6 3 2 6  
0 .3 4 4 8 9 8  
0 .3 5 8 1 6 3 3  
0 .3 7 1 4 2 8 6  
0 .3 8 4 6 9 3 9
3 9 7 9 5 9 2  
4 1 1 2 2 4 5  
4 2 4 4 8 9 8  
4 3 7 7 5 5 1  
4 5 1 0 2 0 4  
4 6 4 2 8 5 7  
0 .4 7 7 5 5 1
4 9 0 8 1 6 3  
5 0 4 0 8 1 6  
5 1 7 3 4 6 9  
5 3 0 6 1 2 2  
5 4 3 8 7 7 5  
5 5 7 1 4 2 9  
5 7 0 4 0 8 2  
5 8 3 6 7 3 5  
5 9 6 9 3 8 8  
6 1 0 2 0 4 1  
6 2 3 4 6 9 4  





0 .0 0 0 0 2 5  
01 
0 . 0  
3 .0 7 9 1 6 4  
6 .0 2 5 5 3  
8 .2 2 0 1 1 9  
9 .3 2 7 4 0 1  
9 .6 7 3 1 9 2  
9 .8 9 3 3 3 2  
1 0 .0 2 6 6  
1 0 .1 3 3 7 5  
1 0 .3 0 2 5 1  
1 0 .5 5 8 3 1  
1 0 .8 5 3 8 1  
1 1 .1 3 8 0 3  
1 1 .3 8 4 1 3  
1 1 .5 9 9 4 2  
1 1 .7 9 3 8  
1 1 .9 7 7 1 7  
1 2 .1 5 9 4 3  
1 2 .3 5 0 4 8  
1 2 .5 6 0 2 2  
1 2 .7 9 7 5 4  
1 3 .0 6 2 3 1  
1 3 .3 4 9 6 2  
1 3 .6 5 4 5 2  
1 3 .9 7 2 0 5  
1 4 .2 9 7 2 7  
1 4 .6 2 5 9 9  
1 4 .9 5 9 4 3  
1 5 .3 0 1 1 4  
1 5 .6 5 4 6 7  
1 6 .0 2 3 5 8  
1 6 .4 1 1 4 2  
1 6 .8 2 1 0 3  
1 7 .2 5 1 5 8  
1 7 .7 0 1 0 2  
1 8 .1 6 9 3 4  
1 8 .6 6 9 3 6  
1 9 .2 1 9 0 5  
1 9 .8 3 4 7 8  
2 0 .5 2 0 3 3  
2 1 .2 7 3 3 1  
2 2 .0 9 1 8 9  
2 2 .9 8 1 2 2  
2 3 .9 5 0 8 8  
2 5 .0 1 0 5 2  
2 6 .1 6 9 7 9  
2 7 .4 3 8 3 5  
2 8 .8 2 5 8 6  
3 0 .3 4 1 9 6  
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APPENDIX D -  Experimental and numerical observations of side impact tests.
Table 1 - D. Experimental and numerical observations o f HIC values from side impact
tests.
Side impact tests
Numerical results ANPRM Test 1 ANPRM Test 2
h i c 15 HIC* HICuniimited h ic 15 h ic 36 HICuniimited h i c 15 h ic 36 HICuniimited
1/2 sine - 90° 123 216 223 76 155 160 107 154 159 1
1/2 sine - 45° 78.4 145 149 122 219 226 150 247 255
Scaled 213 -90° 94 147.5 152 67 131 135
Table 2 - D. Experimental and numerical observations o f chest accelerations from side
impact tests.
Side impact tests
Numerical results ANPRM Test 1 ANPRM Test 2
Chest Accel. (G’s) Chest Accel. (G’s) Chest Accel. (G’s)
1/2 sine - 90° 36.9 23.8 23.3
1/2 sine - 45° 36.2 29.1 31.8
Scaled 213 -90° 29.5 21.3
Table 3 - D .  Experimental and numerical observations o f upper neck peak compression and
peak tension from side impact tests.
Side impact tests
Numerical results ANPRM Test 1 ANPRM Test 2
Peak ten. Peak comp. Peak ten. Peak comp. Peak ten. Peak comp.
1/2 sine - 90° 97 986 253 670 600 985
1/2 sine - 45° 154 821 963 318 419 950
Scaled 213 -90° 117 701 278 876
There were two tests available for data comparison in each o f the 1/2 sine - 90° and 
1/2 sine - 45° category. There was only one test using scaled FMVSS 213 pulse for data 
comparison. The data presented in italic font were calculated using the relationship HIC36 -  
0.97 • HICuniimited from FMVSS 213 final rule [5].
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APPENDIX E -  Copyright Permission 






Re: Seeking copyright permission 
Thu, 09 Feb 2006 17:03:11 -0600 
Wang Q <wangl56@uwindsor.ca>
In answer to your recent email (below) requesting copyright to reproduct the Figures 1 -9 in our article 
"Factors leading to crash fatalities to children in child restraints" in Annu Proc Assoc Adv Automot Med. 
2003;47:343-59, please know that the AAAM grants permission for you to use the figures as you 
described below. AAAM requests that you include a credit line in your thesis to be worded as follows: 





Association for the Advancement o f Automotive Medicine (AAAM)
Wang Q wrote:
Dear Sir or Madam,
I  have been writing my thesis fo r  my Master ofApplied Science degree in Mechanical Engineering at the 
University o f  Windsor, Ontario, Canada. Within the Literature Review chapter o f  my thesis I  would like 
to use Figure 1 to Figure 9 in the publication "Factors leading to crash fatalities to children in child 
restraints" in Annu Proc Assoc Adv Automot Med. 2003;47:343-59 to illustrate research done by other 
researches in my research area. I  am requesting your permission to use these figures in my literature 
review part. My thesis would be printed in 5 copies. Two copies would be deposited in the University o f  
Windsor Library. One copy would be deposited in the Mechanical Engineering Department. The other 
two copies would be given to individuals. Would you please respond to this as soon as possible?
Thank you very much!
Best regards,
Qian Wang
Qian Wang, MASc. Candidate 
University o f  Windsor
Department o f  Mechanical, Automotive and Materials 
Engineering
401 Sunset Avenue, Windsor, Ontario, Canada N9B3P4 
Work: +1 (519) 253-3000 ext. 4786 
Email: wangl56@uwindsor.ca
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Copyright permission for reference 47.53.58. El
From: CASSAN Francoise <francoise.cassan@lab-france.com> 0
Subject: Re: Seeking copyright permission
Date: Fri, 10 Feb 2006 10:10:36 +0100
To: Wang Q <wangl56@uwindsor.ca>
Dear Mr. Wang,
I think that it is not a problem if you use figures that you found in some o f our publications, as long as 




132 me des Suisses
92000 NANTERRE
FRANCE
Tel: 33 (0)1 76873558 
Fax: 33 (0)1 76873636 
M ail: francoise.cassan@lab-france.com
Disclaimer ---------------------------------------
Ce message ainsi que les eventuelles pieces jointes constituent une correspondance privee et 
confidentielle a l'attention exclusive du destinataire designe ci-dessus. Si vous n'etes pas le destinataire 
du present message ou une personne susceptible de pouvoir le lui delivrer, il vous est signifie que toute 
divulgation, distribution ou copie de cette transmission est strictement interdite. Si vous avez recu ce 
message par erreur, nous vous remercions d'en informer l'expediteur par telephone ou de lui retoumer le 
present message, puis d'effacer immediatement ce message de votre systeme.
This e-mail and any attachments is a confidential correspondence intended only for use o f the individual 
or entity named above. If you are not the intended recipient or the agent responsible for delivering the 
message to the intended recipient, you are hereby notified that any disclosure, distribution or copying of 
this communication is strictly prohibited. If you have received this communication in error, please 






I  have been writing my thesis for my Master o f Applied Science degree in Mechanical Engineering at 
the University o f  Windsor, Ontario, Canada. Within the Literature Review chapter o f  my thesis I  would 
like to use Figure 2 in the publication "Assessing new child dummies and criteria for child occupant 
protection in frontal impact", the figure fo r Q3 dummy in the publication "Advanced methods for  
improved CHILD occupant safety in cars", and Figure 4, 7 and 16 in the publication "Threeyears old
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Wang Q <wangl56@uwindsor.ca> H
Seeking copyright permission 
Thu, 09 Feb 2006 10:53:02 -0500 
francoise. cassan@lab-france. com
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Jchild neck finite element modelisation" to illustrate research done by other researches in my research 
area. I  am requesting your permission to use these figures in my literature review part. My thesis 
would be printed in 5 copies. Two copies would be deposited in the University o f  Windsor Library. 
One copy would be deposited in the Mechanical Engineering Department. The other two copies would 
be given to individuals. Would you please respond to this as soon as possible?
Thank you very much!
Best regards,
Qian Wang
Qian Wang, MASc. Candidate 
University o f  Windsor
Department o f  Mechanical, Automotive and Materials 
Engineering
401 Sunset Avenue, Windsor, Ontario, Canada N9B 3P4 
Work: +1 (519) 253-3000 ext. 4786 
Email: wangl 56@uwindsor.ca 
CASSAN Francoise







Organization LAB PSA Peugeot Citroen/RENAULT 64284
TEL 33 6 82330183 cell
33 1 76873636 fax
33 1 76873558 home
TITLE Ingenieur - Docteur
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Yes, of course you can use it.
Yours,
Anna
Copyright permission for reference 57.
From: "Anna Anund" <anna.anund@vti.se>
Subject: SV: [SPAM_SUSPECTED_MAIL] Seeking copyright permission
Date: Fri, 10 Feb 2006 08:41:26 +0100
To: "Wang Q" <wangl56@uwindsor.ca>
Fran: Wang Q [mailto:wangl56@uwindsor.ca]
Skickat: den 9 februari 2006 16:49 
Till: Anna Anund
Amne: [SPAMSUSPECTEDMAIL] Seeking copyright permission 
Dear Anna Anund,
I  have been writing my thesis for my Master o f  Applied Science degree in Mechanical Engineering at the 
University o f Windsor, Ontario, Canada. Within the Literature Review chapter o f  my thesis I  would like 
to use the Figure 2 in your publication "Child safety in cars -  Literature review" to illustrate research 
done by other researches in my research area. I  am requesting your permission to use these figures in 
my literature review part. My thesis would be printed in 5 copies. Two copies would be deposited in the 
University o f  Windsor Library. One copy would be deposited in the Mechanical Engineering 
Department. The other two copies would be given to individuals. Would you please respond to this as 
soon as possible?
Thank you very much!
Best regards,
Qian Wang
Qian Wang, MASc. Candidate 
University o f  Windsor
Department o f  Mechanical, Automotive and Materials 
Engineering
401 Sunset Avenue, Windsor, Ontario, Canada N9B 3P4 
Work: +1 (519) 253-3000 ext. 4786 
Email: wangl56@uwindsor.ca
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Copyright permission for reference 61. f i
From: "Webmaster @ Car-Safety.Org" <webmaster@car-safety.org> SI
Subject: Re: Seeking copyright permission
Date: Thu, 9 Feb 2006 19:49:22 -0600
To: "Wang Q" <wangl56@uwindsor.ca>
Hello,
This letter may serve as permission to use the photograph "expressisoz.jpg" and "Evenflo SecureRight 
Kit" for non-commercial purposes only. This letter does not authorize any current or future use o f this 
material other than for the specific thesis mentioned in your previous email. We request that you 
properly reference our organization and/or webpage in the bibliography for this material.
The other illustration you mentioned is produced by the NHTSA
( http://www.nhtsa.dot.gov/portal/site/nhtsa/menuitem.7983514fl9569f24ce83662ae0208a0c/ ). In 
general, most o f their material is in the public domain, but you should contact them directly to determine 
if  you need permission to use their material in a publication.
Good luck with your research and thesis!
>   Original Message-----
> From: Wang Q
> To: webmaster@car-safety.org
> Sent: Thursday, February 09, 2006 9:53 AM
> Subject: Seeking copyright permission
>
>
> Dear Sir or Madam,
>
> I  have been writing my thesis for my Master o f  Applied Science degree in Mechanical
> Engineering at the University o f  Windsor, Ontario, Canada. Within the Literature Review
> chapter o f  my thesis I  would like to use the figures for the rigid ISOFIX, LATCH and top
> tether anchor to illustrate research done by other researches in my research area. Iam
> requesting your permission to use these figures in my literature review part. My thesis would
> be printed in 5 copies. Two copies would be deposited in the University o f  Windsor Library.
> One copy would be deposited in the Mechanical Engineering Department. The other two copies
> would be given to individuals. Would you please respond to this as soon as possible?
>






> Qian Wang, MASc. Candidate
> University o f  Windsor
> Department o f  Mechanical, Automotive and Materials
> Engineering
>401 Sunset Avenue, Windsor, Ontario, Canada N9B 3P4
> Work: +1 (519) 253-3000 ext. 4786
> Email: wangl56@uwindsor.ca
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Copyright permission for reference 75. II
From: Mark Theobald <motorlibrary@yahoo.com> ®
Subject: Re: Seeking copyright permission




Regards, Mark Theobald for safecarguide.com/crashtest.com
Wang Q <wangl56@uwindsor.ca> wrote:
Dear Sir or Madam,
I  have been writing my thesis for my Master ofApplied Science degree in Mechanical Engineering at the 
University o f  Windsor, Ontario, Canada. Within the Literature Review chapter o f  my thesis I  would like 
to use the figures for "NCAP full-width and offset frontal impact crash test" and "NCAP side impact 
test" in your website to illustrate research done by other researches in my research area. I  am 
requesting your permission to use these figures in my literature review part. My thesis would be printed 
in 5 copies. Two copies would be deposited in the University o f  Windsor Library. One copy would be 
deposited in the Mechanical Engineering Department. The other two copies would be given to 
individuals. Would you please respond to this as soon as possible?
Thank you very much!
Best regards,
Qian Wang
Qian Wang, MASc. Candidate 
University o f Windsor
Department o f  Mechanical, Automotive and Materials 
Engineering
401 Sunset Avenue, Windsor, Ontario, Canada N9B 3P4 
Work: +1 (519) 253-3000 ext. 4786 
Email: wangl 56@uwindsor.ca
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This is in response to your request dated February 9, 2006. According to NHTSA, published NCAP 
information is in the public domain and may be used without restriction. If you need additional 
information, please contact Mr. Sean Doyle o f NHTSA at 202-493-0188 or e-mail at 
Sean.Doyle@nhtsa.dot.gov.








Qian Wang was bom in 1981 in Tianjin, China. He graduated from the University 
of Science and Technology Beijing where he obtained a B.A.Sc. in Mechanical 
Engineering in 2003. He is currently a candidate for the Master o f Applied Science 
degree in Mechanical Engineering at the University o f Windsor and hopes to graduate in 
Winter 2006.
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